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Dedication

This book is dedicated to those who were instrumental in guiding and supporting our develop-
ment as scientists and engineers and our appreciation of the outdoors.






Preface

This handbook is intended to be a working document which assists scientists, engineers,
consultants, regulators, citizen groups, and environmental managers in determining if stormwater
runoff is causing adverse effects and beneficial-use impairments in local receiving waters. This
includes adverse effects on aquatic life and human health and considers exposures to multiple
stressors such as pathogens, chemicals, and habitat alteration. Given the complicated nature of the
problem, where diffuse inputs contain multiple stressors which vary in intensity with time (and
often in areas which are simultaneously impacted by point source discharges or other development
activities, e.g., channelization), it is difficult to define and separate stormwater effects from these
other factors. To accomplish this task requires an integrated watershed-based assessment approach
which focuses on sampling before, during, and after storm events.

This handbook provides a logical approach for an experimental design that can be tailored to
address a wide range of environmental concerns, such as ecological and human health risk assess-
ments, determining water quality or biological criteria exceedances, use impairment, source iden-
tification, trend analysis, determination of best management practice (BMP) effectiveness, storm-
water quality monitoring for NPDES Phase I and II permits and applications, and total maximum
daily load (TMDL) assessments. Despite the complexity of stormwater, successful and accurate
assessments of its impact are possible by following the logical integrated approaches described in
this handbook.

New methods and technologies are rapidly being developed, so this should be considered a
“living” document which will be updated as the science warrants. We welcome your input on ways
to improve future editions.

Allen Burton
Bob Pitt
May 2001

Disclaimer: The views presented within this document do not necessarily represent those of the
U.S. Environmental Protection Agency.
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UNIT 1

The Problem of Stormwater Runoff






CHAPTER 1

Introduction

“A stench from its inky surface putrescent with the oxidizing processes to which the shadows of the
over-reaching trees add stygian blackness and the suggestion of some mythological river of death.
With this burden of filth the purifying agencies of the stream are prostrated; it lodges against
obstructions in the stream and rots, becoming hatcheries of mosquitoes and malaria. A thing of beauty
is thus transformed into one of hideous danger.”

Texas Department of Health 1925
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OVERVIEW: THE PROBLEM OF STORMWATER RUNOFF

The vivid description, above, of the Trinity River as it flowed through Fort Worth and Dallas,
TX, in 1925 is no longer appropriate. The acute pollution problems that occurred in the Trinity
River and throughout the United States before the 1970s have been visibly and dramatically
improved. The creation of the U.S. Environmental Protection Agency (EPA) and the passage of the
Clean Water Act (CWA) in 1972 resulted in improved treatment of municipal and industrial
wastewaters, new and more stringent water quality criteria and standards, and an increased public
awareness of water quality issues. During the first 18 years of the CWA, regulatory efforts, aimed
at pollution control, focused almost entirely on point source, end-of-pipe, wastewater discharges.
However, during this same period, widespread water quality monitoring programs and special
studies conducted by state and federal agencies and other institutions implicated nonpoint sources
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(NPS) as a major pollutant category, affecting most degraded waters around the country. For
example, in Ohio 51% of the streams assessed were thought to be adversely impacted by NPS
pollution. Nonpoint source pollution presents a challenge from both a regulatory and an assessment
perspective. Unlike many point source discharges, pollution inputs are not constant, do not reoccur
in a consistent pattern (i.e., discharge volume and period), often occur over a diffuse area, and
originate from watersheds whose characteristics and pollutant loadings vary through time. Given
this extreme heterogeneity, simple solutions to NPS pollution control and the assessment of eco-
system degradation are unlikely. Fortunately, methods do exist to accomplish both control and
accurate assessments quite effectively. To accomplish this, however, one must have a clear under-
standing of the nature of the problem, the pollutant sources, the receiving ecosystem, the strengths
and weaknesses of the assessment tools, and proper quality assurance (QA) and quality control
(QC) practices. This handbook will discuss these issues as they pertain to assessing stormwater
runoff effects on freshwater ecosystems.

SOURCES OF NPS POLLUTION

A wide variety of activities and media comprise NPS pollution in waters of the United States
(Table 1.1). The major categories of sources include agriculture, silviculture, resource extraction,
hydro-modification, urban areas, land disposal, and contaminated sediments. The contribution of
each category is, of course, a site-specific issue. In Ohio, as in many midwestern and southern
states, agriculture is the principal source of NPS stressors, as shown in Table 1.2 (ODNR 1989).

These stressors include habitat destruction (e.g., channelization, removal of stream canopy and
riparian zone, loss of sheltered areas, turbidity, siltation) and agrichemicals (e.g., pesticides and
nutrients). In urban areas, stream and lake impairment is also due to habitat destruction; but, in
addition, physical and chemical contaminant loadings come from runoff from impervious areas
(e.g., parking lots, streets) of construction sites, and industrial, commercial, and residential areas.
Numerous studies (such as May 1996) have examined the extent of urbanization in relation to
decaying receiving water conditions (Figure 1.1). Other contaminant sources that have been doc-

Table 1.1 Nonpoint Source Pollution Categories and Subcategories

Category: Agriculture Category: Hydromodification
General agriculture General hydromodification
Crop production Channelization
Livestock production Dredging
Pasture Dam construction
Specialty crop production Stream bank modification

Category: Silviculture Bridge construction
General silviculture Category: Urban
Harvesting, reforestation General urban
Residue management Storm sewers
Road construction Sanitary sewers
Forest management Construction sites

Category: Resource Extraction Surface runoff
General resource extraction Category: Land Disposal
Surface coal mining General land disposal
Subsurface coal mining Sludge disposal
Oil/Gas production Wastewater

Category: In-place (Sediment) Pollutants Sanitary landfills

Industrial land treatment
On-site wastewater treatment

From EPA. Results of the Nationwide Urban Runoff Program. Water Planning
Division, PB 84-185552, Washington, D.C. December 1983.
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Table 1.2 Major Categories of Nonpoint Source Pollution
Impacting Surface Water Quality in Ohio

Major Categories of Stream Miles Percentage of Miles
Nonpoint Source Pollution Affected Affected
Agriculture 5300 44
Resource extraction 2000 17
Land disposal 1600 13
Hydromodification 1500 13
Urban 1100 9
Silviculture 400 3
In-place pollutants 100 1
Total stream miles affected 12,000

From ODNR (Ohio Department of Natural Resources). Ohio Nonpoint
Source Management Program. Ohio Department of Natural Resources,
Columbus, OH. 1989.
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Figure 1.1 0 Relationship between basin development, riparian buffer width, and biological integrity in Puget
Sound lowland streams. (From May, C.W. Assessment of the Cumulative Effects of Urbanization
on Small Streams in the Puget Sound Lowland Ecoregion: Implications for Salmonid Resource
Management. Ph.D. dissertation, University of Washington, Seattle. 1996. With permission.)

umented, but are even more difficult to assess, include accidental spills, unintended discharges, and
atmospheric deposition.

The pollutants present in stormwater runoff vary with each watershed; however, certain pollut-
ants are associated with specific activities (e.g., soybean farming, automobile service areas) and
with area uses (e.g., parking lots, construction). By analyzing the land use patterns, watershed
characteristics, and meteorological and hydrological conditions, an NPS assessment program can
be focused and streamlined.

A number of studies have linked specific pollutants in stormwater runoff with their sources
(Table 1.3). Pitt et al. (1995) reviewed the literature on stormwater pollutant sources and effects
and also measured pollutants and sample toxicity from a variety of urban source categories of an
impervious and pervious nature. The highest concentrations of synthetic organics were in roof
runoff, urban creeks, and combined sewer overflows (CSOs). Zinc was highest from roof runoff
(galvanized gutters). Nickel was highest in runoff from parking areas. Vehicle service areas produced
the highest cadmium and lead concentrations, while copper was highest in urban creeks (Pitt et al.
1995). Most metals in stormwater runoff originate from streets (Table 1.4, FWHA 1987) and parking
areas. Other metal sources include wood preservatives, algicides, metal corrosion, road salt, bat-
teries, paint, and industrial electroplating waste. One large survey (EPA 1983) found only 13
organics occurring in at least 10% of the samples. The most common were 1,3-dichlorobenzene
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Table 1.3 Potential Sources of Stormwater Toxicants

Automobile Use Pesticide Use

Industrial/Other

Methylene chloride
Methyl chloride

Di-N-butyl phthalate
Bis (2-ethyhexyl)

phthalate
Butylbenzyl phthalate

Chrysene
Phenanthrene
Pyrene

Benzene
Chloroform

Toluene

Chromium
Copper

Lead
Zinc

Lindane

Chlordane
Pentachlorophenol

PCBs

Dieldrin
Diazinon
Chlorpyrifos
Atrazine

Halogenated Aliphatics

Fumigant?

Leaded gas?® Fumigant?

Phthalate Esters

Insecticide

Polycyclic Aromatic Hydrocarbons

Gasoline?, oil/grease
Gasoline

Gasoline, oil, asphalt Wood preservatives

Volatiles

Gasoline2
Insecticide
Gasoline?, asphalt

Heavy Metals

Metal corrosion?

Metal corrosion, brake
linings

Gasoline, batteries

Metal corrosion, road salt,
rubbera

Algicide

Wood preservative

Organochlorides and Pesticides

Mosquito control?
Seed pretreatment
Termite control?
Wood preservative

Plastics, paint remover, solvent
Refrigerant, solvent

Plasticizer?, printing inks, paper,
stain, adhesive
Plasticizer2

Plasticizer?

Wood/coal combustiona
Wood/coal combustion?2

Solvent formed from salt,
gasoline and asphalt

Solvent, formed from
chlorinationa

Solvent

Paint, metal corrosion,
electroplating waste?
Paint, metal corrosion,
electroplating waste?
Paint

Paint, metal corrosion?

Paint

Wood processing
Electrical, insulation, paper
adhesives

a Most significant sources.

Modified from Callahan, M.A., et al., Water Related Environmental Fates of 129 Priority Pollutants. U.S. Envi-
ronmental Protection Agency, Monitoring and Data Support Division, EPA-4-79-029a and b. Washington D.C.
1979; Verschueren, K. Handbook of Environmental Data on Organic Chemicals, 2nd edition. Van Nostrand
Reinhold Co., New York. 1983.



INTRODUCTION 7

Table 1.4 Highway Runoff Constituents and Their Primary Sources

Constituents Primary Sources

Particulates Pavement wear, vehicles, atmosphere, maintenance

Nitrogen, phosphorus Atmosphere, roadside fertilizer application

Lead Leaded gasoline (auto exhaust), tire wear (lead oxide filler material, lubricating oil
and grease, bearing wear)

Zinc Tire wear (filler materials), motor oil (stabilizing additive), grease

Iron Auto body rust, steel highway structures (guard rails, etc.), moving engine parts

Copper Metal plating, bearing and bushing wear, moving engine parts, brake lining wear,
fungicides and insecticides

Cadmium Tire wear (filler material), insecticide application

Chromium Metal plating, moving engine parts, break lining wear

Nickel Diesel fuel and gasoline (exhaust), lubricating oil, metal plating, bushing wear,
brake lining wear, asphalt paving

Manganese Moving engine parts

Cyanide Anticake compound (ferric ferrocyanide, sodium ferrocyanide, yellow prussiate of

soda) used to keep deicing salt granular
Sodium, calcium, chloride  Deicing salts

Sulfate Roadway beds, fuel, deicing salts

Petroleum Spills, leaks, or blow-by of motor lubricants, antifreeze and hydraulic fluids, asphalt
surface leachate

PCB Spraying of highway rights-of-way, background atmospheric deposition, PCB

catalyst in synthetic tires
From U.S. DOT, FHWA, Report No. FHWA/RD-84/056-060, June 1987.

and fluoranthene (23% of the samples). These 13 compounds were similar to those reported in
most areas. The most common organic toxicants have been from automobile usage (polycyclic
aromatic hydrocarbons, or PAHs), combustion of wood and coal (PAHs), industrial and home use
solvents (halogenated aliphatics and other volatiles), wood preservatives (PAHs, creosote, pen-
tachlorophenol), and a variety of agricultural, municipal, and highway compounds, and pesticides.

The major urban pollution sources are construction sites, on-site sewage disposal systems,
households, roadways, golf courses, parks, service stations, and parking areas (Pitt et al. 1995).
The primary pollutant from construction is eroded soils (suspended and bedload sediments, dis-
solved solids, turbidity), followed by hydrocarbons, metals, and fertilizers.

Silviculture is a major source of nonpoint pollution in many areas of the country. The primary
pollutant is eroded soils, which result in elevated turbidity, silted substrates, altered habitat, higher
dissolved solids, and altered ion ratios in the streams and lakes of the watershed. Water temperatures
increase as tree canopies are removed and stream flow slows. Fertilizers and pesticides may also
be used which are transported to the streams via surface runoff, groundwater, and drift.

Agricultural activities contribute a wide variety of stormwater pollutants, depending on the
production focus and ecoregion. Major pollutants include eroded soils, fertilizers, pesticides, hydro-
carbons (equipment-related), animal wastes, and soil salts.

The hydromodification category of NPS includes dredging, channelization, bank stabilization,
and impoundments. Stormwaters obviously do not “run off” any of these sources, but stormwater
(high flow) does degrade waters associated with these sources. Water quality parameters which
may be affected by these sources during stormwater events include turbidity, sediment loading
(habitat alteration), dissolved solids, temperature, nutrients, metals, synthetic organics, dissolved
oxygen, pathogens, and toxicity.

Of a more site-specific nature, resource extraction, land waste disposal, and contaminated
sediments are sources of pollutants during stormwater events. Activities such as sand and gravel,
metal, coal, and oil and gas extraction from or near receiving waters may contribute to habitat
alteration and increased turbidity, siltation, metals, hydrocarbons, and salt during storm events.
Land waste disposal sources consist of sludge farm runoff, landfill and lagoon runoff and leachate,
and on-site septic system (leachfield) overflows. These sources may contribute a variety of pollutants
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to receiving waters such as nutrients, solids (dissolved and suspended), pathogens, metals, and
synthetic organics. Contaminated sediments occur in numerous areas throughout the United States
(EPA 1994). Many nutrients and toxic metals, metalloids, and synthetic organics readily sorb to
particulates (organic or inorganic) which accumulate as bedded sediments. During storm events,
these sediments may be resuspended and then become more biologically active by pollutant
desorption, transformation, or particle uptake by organism ingestion.

The specific stormwater pollutants vary dramatically in their fate and effect characteristics. In
most assessments of NPS pollution, there are many unknowns, such as:

* What are the pollutants of concern?
* What are the pollutant sources?
* What are the pollutant loadings?

These common unknowns provide the rationale for use of an integrated assessment strategy
(see Unit 2) which incorporates several essential components of runoff-receiving water systems.

REGULATORY PROGRAM

In February 1987, amendments to the federal Clean Water Act (CWA) were passed by Congress
and required states (Sections 101 and 319) to assess NPS pollution and develop management
programs. These programs are to be tailored on a watershed-specific basis, although they are
structured along political jurisdictions. There are also NPS requirements under Section 6217 of the
Coastal Zone Act Reauthorization Amendments of 1990. The EPA published the Phase 1 stormwater
discharge regulations for the CWA in the Federal Register on November 16, 1990. The regulations
confirm stormwater as a point source that must be regulated through permits issued under the
National Pollutant Discharge Elimination System (NPDES). Certain specified industrial facilities
and large municipalities (>100,000 population) fell under the Phase 1 regulations. The Phase 2
regulations were enacted in October 1999, requiring municipalities of 10,000 and greater to comply
with stormwater control guidelines.

Monitoring activities must be part of the Phase 1 NPDES stormwater permit requirements. One
monitoring element is a field screening program to investigate inappropriate discharges to the storm
drainage system (Pitt et al. 1993). The Phase 1 requirements also specified outfall monitoring during
wet weather to characterize discharges from different land uses. Specified industries are also
required to periodically monitor their stormwater discharges. Much of the local municipal effort
associated with the Phase 1 permit requirements involved describing the drainage areas and outfalls.
Large construction sites are also supposed to be controlled, but enforcement has been very spotty.
Local governments have been encouraged by the EPA to develop local stormwater utilities to pay
for the review and enforcement activities required by this regulation. The Phase 2 permit require-
ments are likely to have reduced required monitoring efforts for small communities and remaining
industries.

The Stormwater Phase 2 Rule was published in early November 1999 in the Federal Register.
The purpose of the rule is to designate additional sources of stormwater that need to be regulated
to protect water quality. Two new classes of facilities are designated for automatic coverage on a
nationwide basis:

1. Small municipal separate storm sewer systems located in urbanized areas (about 3500 municipal-
ities) [Phase 1 included medium and large municipalities, having populations greater than 100,000]

2. Construction activities that disturb between 1 and 5 acres of land (about 110,000 sites a year)
[Phase 1 included construction sites larger than 5 acres]
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There is also a new “no exposure” incentive for Phase 1 sites having industrial activities. It is
expected that this will exclude about 70,000 facilities nationwide from the stormwater regulations.
The NPDES permitting authority would need to issue permits (most likely general permits) by
May 31, 2002.

Proposed construction site regulations in the Phase 2 rule include:

1. Ensure control of other wastes at construction sites (discarded building materials, concrete truck
washout, sanitary wastes, etc.)

2. Implement appropriate best management practices (such as silt fences, temporary detention ponds,

etc.)

Require preconstruction reviews of site management plans

Receive and consider public information

Require regular inspections during construction

Have penalties to ensure compliance

ANk W

If local regulations incorporate the following principles and elements into the stormwater
program, they would be considered as “qualifying” programs that meet the federal requirements:

Five Principles

Good site planning

Minimize soil movement

Capture sediment

Good housekeeping practices

Mitigation of post-construction stormwater discharges

Nk R =

Eight Elements

Program description

Coordination mechanism

Requirements for nonstructural and structural BMPs
Priorities for site inspections

Education and training

Exemption of some activities due to limited impacts
Incentives, awards, and streamlining mechanisms
Description of staff and resources

P NN R W=

Unfortunately, many common stormwater parameters which cause acute and chronic toxicity
or habitat problems are not included in typical monitoring programs conducted under the NPDES
stormwater permit program. Therefore, stormwater discharges that are degrading receiving waters
may not be identified as significant outfalls from these monitoring efforts. Conversely, these data
may suggest significant pollution is adversely affecting receiving waters, when in fact it is not. As
discussed later in this book, the recent promotion and adoption of integrated assessment approaches
which utilize stream biological community indices, toxicity, and habitat characterization of receiv-
ing waters provide much more reliable data on stormwater discharge effects and water quality.

Section 304 of the CWA directs EPA to develop and publish information on methods for
measuring water quality and establishing water quality criteria for toxic pollutants. These other
approaches include biological monitoring and assessment methods which assess the effects of
pollutants on aquatic communities and factors necessary to restore and maintain the chemical,
physical, and biological integrity of all waters. These “toolboxes” are intended to enable local users
to make more efficient use of their limited monitoring resources. Of course, a primary purpose of
this book is also to provide guidance to this user community. As such, it is hoped that this book
can be considered a “super” toolbox, especially with its large number of references for additional
information and its detailed case studies.
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APPLICATIONS OF THE HANDBOOK

The first aspect of designing a monitoring program is describing how the data are to be used.
This may include future uses of the data and must also include the necessary quality of the data
(allowable errors). Many uses of the data may be envisioned, as shown in the following brief
discussion. Data may be used in the evaluation of local stormwater problems (risk assessments)
and identification of pollutant sources to support a comprehensive stormwater management pro-
gram, compliance monitoring required by regulations, model calibration and verification for TMDL
(total maximum daily load) evaluations, evaluation of the performance of control practices, screen-
ing analyses to identify sources of pollutants, etc. It is critical that an integrated assessment approach
(designed on a site-specific basis) be used to improve the validity of the assessment and its resulting
conclusions. Critical aspects of this are discussed below.

Stormwater Management Planning (Local Problem Evaluations and Source
Identifications)

Stormwater management planning encompasses a wide range of site-specific issues. The local
issues that affect stormwater management decisions include understanding local problems and the
sources of pollutants or flows that affect these problems. Local monitoring therefore plays an
important role in identifying local problems and sources.

The main purpose of treating stormwater is to reduce its adverse impacts on receiving water
beneficial uses. Therefore, it is important in any stormwater runoff study to assess the detrimental
effects that runoff is actually having on a receiving water. Receiving waters may have many
beneficial use goals, including:

* Stormwater conveyance (flood prevention)

* Biological uses (warm water fishery, biological integrity, etc.)
* Noncontact recreation (linear parks, aesthetics, boating, etc.)
* Contact recreation (swimming)

e Water supply

As discussed in Chapter 2, it is unlikely that any of these uses can be fully obtained with full
development in a watershed and with no stormwater controls. However, the magnitude of these
effects varies greatly for different conditions. Obviously, local monitoring and evaluation of data
are needed to describe specific local problems, especially through the use of an integrated moni-
toring approach that considers physical, chemical, and biological observations collectively. As
described throughout this book, relying only on a single aspect of receiving water conditions, or
applying general criteria to local data, can be very misleading, and ultimately expensive and
ineffective.

After local receiving problems are identified, it is necessary to understand what is causing the
problems. Again, this can be most effectively determined through local monitoring. Runoff is
comprised of many separate source area flow components and phases that are discharged through
the storm drainage system and includes warm weather stormwater, snowmelt, baseflows, and
inappropriate discharges to the storm drainage (“dry-weather” flows). It may be important to
consider all of these potential urban flow discharges when evaluating alternative stormwater man-
agement options.

It may be adequate to consider the combined outfall conditions alone when evaluating the long-
term, area-wide effects of many separate outfall discharges to a receiving water. However, if better
predictions of outfall characteristics (or the effects of source area controls) are needed, then the
separate source area components must be characterized. The discharge at an outfall is made up of
a mixture of contributions from different source areas. The “mix” depends on the characteristics
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of the drainage area and the specific rain event. The effectiveness of source area controls is therefore
highly site and storm specific.

Risk Assessments

Risk assessments contain four major components (NRC 1983):

¢ Hazard identification

¢ Effects characterization

* Exposure characterization
* Risk characterization

Hazard identification includes quantifying pollutant discharges, plus modeling the fate of the
discharged contaminants. Obviously, substantial site-specific data are needed to prepare the selected
model for this important aspect of a risk assessment. Knowledge about the mass and concentration
discharges of a contaminant is needed so the transport and fate evaluations of the contaminant can
be quantified. Knowledge of the variations of these discharges with time and flow conditions is
needed to determine the critical dose-response characteristics for the contaminants of concern. A
suitable model, supported by adequate data, is necessary to produce the likely dose—stressor
response characteristics. Exposure assessment is related to knowledge of the users of receiving
waters and contaminated components (such as contaminated fish that are eaten, contaminated
drinking water being consumed, children exposed to contaminated swimming by playing in urban
creeks, etc.). Finally, the risk is quantified based on this information, including the effects of all
of the possible exposure pathways. Obviously, many types of receiving water and discharge data
are needed to make an appropriate risk assessment associated with exposure to stormwater, espe-
cially related to discharge characteristics, fate of contaminants, and verification of contaminated
components. The use of calibrated and validated discharge and fate models is therefore necessary
when conducting risk assessments.

Total Maximum Daily Load (TMDL) Evaluations

The total maximum daily load (TMDL) for a stream is the estimated maximum discharge that
can enter a water body without affecting its designated uses. TMDLs can be used to allocate
discharges from multiple sources and to define the level of control that may be needed. Historically,
assimilative capacities of many receiving waters were based on expected dissolved oxygen con-
ditions using in-stream models. Point source discharges of BOD were then allocated based on the
predicted assimilative capacity. Allowed discharges of toxic pollutants can be determined in a
similar manner. Existing background toxicant concentrations are compared to water quality criteria
under critical conditions. The margin in the pollutant concentration (difference between the existing
and critical concentrations) is multiplied by the stream flow to estimate the maximum allowable
increased discharge, before the critical criteria would likely be exceeded. There has always been
concern about margins of safety and other pollutant sources in the simple application of assimilative
capacity analyses. The TMDL process is a more comprehensive approach that attempts to examine
and consider all likely pollutant sources in the watershed. The EPA periodically publishes guidance
manuals describing resources available for conducting TMDL analyses (Shoemaker et al. 1997,
for example).

Model Calibration and Validation

A typical use of stormwater monitoring data is to calibrate and validate models that can be
used to examine many questions associated with urbanization, especially related to the design of
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control programs to reduce problem discharges effectively. All models need to be calibrated for
local conditions. Local rain patterns and development characteristics, for example, all affect runoff
characteristics. Calibration usually involves the collection of an initial set of data that is used to
modify the model for these local characteristics. Validation is an independent check to ensure that
the calibrated model produces predictions within an acceptable error range. Unfortunately, many
models are used to predict future conditions that are not well represented in available data sets, or
the likely future conditions are not available in areas that could be monitored. These problems,
plus many other aspects of modeling, require someone with good skill and support to ensure
successful model use.

Model calibration and validation involves several steps that are similar for most stormwater
modeling processes. The best scenario may be to collect all calibration information from one
watershed and then validate the calibrated model using independent observations from another
watershed. Another common approach is to collect calibration information for a series of events
from one watershed, and then validate the calibrated model using additional data from other storms
from the same watershed. Numerous individual rainfall-runoff events may need to be sampled to
cover the range of conditions of interest. For most stormwater models, detailed watershed infor-
mation is also needed. Jewell et al. (1978) presented one of the first papers describing the problems
and approaches needed for calibrating and validating nonpoint source watershed scale models. Most
models have descriptions of recommended calibration and validation procedures. Models that have
been used for many years (such as SWMM and HSPF) also have many publications available
describing the sensitivity of model components and the need for adequate calibration.

It is very important that adequate QA/QC procedures be used to ensure the accuracy and
suitability of the data. Common problems during the most important rainfall-runoff monitoring
activities are associated with unrepresentative rainfall data (using too few rain gauges and locating
them incorrectly in the watershed), incorrect rain gauge calibrations, poor flow-monitoring condi-
tions (surcharged flows, relying on Manning’s equation for V and Q, poor conditions at the
monitoring location), etc. The use of a calibrated flume is preferred, for example. Other common
errors are associated with inaccurate descriptions of the watershed (incorrect area, amount of
impervious area, understanding of drainage efficiency, soil characteristics, etc.). Few people appre-
ciate the inherent errors associated with measuring rainfall and runoff. Most monitoring programs
are probably no more than +25% accurate for each event. It is very demanding to obtain rainfall
and runoff data that is only 10% in error. This is most evident when highly paved areas (such as
shopping centers or strip commercial areas) are monitored and the volumetric runoff coefficients
are examined. For these areas, it is not uncommon for many of the events to have volumetric runoff
coefficient (Rv) values greater than 1.0 (implying more runoff than rainfall). Similar errors occur
with other sites but are not as obvious.

Data from several watersheds are available for the calibration and validation process. If so, start
with data from the simplest area (mostly directly connected paved areas and roofs, with little
unpaved areas). This area probably represents commercial roofs and parking/storage areas alone.
These areas should be calibrated first, before moving on to more complex areas. The most complex
areas, such as typical residential areas having large expanses of landscaped areas and with most
of the roofs being disconnected from the drainage areas, should be examined last.

Effectiveness of Control Programs

Effective stormwater management programs include a wide variety of control options that can
be utilized to reduce receiving water problems. With time and experience, some of these will be
found to be more effective than others. In order to identify which controls are most cost-effective
for a specific area, local performance evaluations should be conducted. In many cases, straightfor-
ward effectiveness monitoring (comparing influent with effluent concentrations for a stormwater
filter, for example) can be utilized, while other program elements (such as public education or street
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cleaning) can be much more difficult to evaluate. Therefore, this book presents monitoring
approaches that can be utilized for a broad range of control programs. These monitoring activities
may appear to be expensive. However, the true cost of not knowing how well currently utilized
controls function under local conditions can be much more costly than obtaining accurate local
data and making appropriate changes in design methods.

The first concern when investigating alternative treatment methods is determining the needed
level of stormwater control. This determination has a great effect on the cost of the stormwater
management program and needs to be made carefully. Problems that need to be addressed range
from sewerage maintenance issues to protecting many receiving water uses. As an example, Laplace
et al. (1992) recommends that all particles greater than about 1 to 2 mm in diameter be removed
from stormwater in order to prevent deposition in sewerage. The specific value is dependent on the
energy gradient of the flowing water in the drainage system and the hydraulic radius of the sewerage.
This treatment objective can be easily achieved using a number of cost-effective source area and
inlet treatment practices. In contrast, much greater levels of stormwater control are likely needed
to prevent excessive receiving water degradation. Typical treatment goals usually specify about
80% reductions in suspended solids concentrations. For most stormwaters, this would require the
removal of most particulates greater than about 10 um in diameter, about 1% of the 1 mm size
noted above to prevent sewerage deposition problems. Obviously, the selection of a treatment goal
must be done with great care.

There are many stormwater control practices, but not all are suitable in every situation. It is
important to understand which controls are suitable for the site conditions and can also achieve the
required goals. This will assist in the realistic evaluation for each practice of the technical feasibility,
implementation costs, and long-term maintenance requirements and costs. It is also important to
appreciate that the reliability and performance of many of these controls have not been well
established, with most still in the development stage. This is not to say that emerging controls
cannot be effective; however, there is not a large amount of historical data on which to base designs
or to provide confidence that performance criteria will be met under the local conditions. Local
monitoring can be used to identify the most effective controls based on the sources of the identified
problem pollutants, and monitoring can be utilized to measure how well in-place controls are
functioning over the long term. These important data can be used to modify recommendations for
the use of specific controls, design approaches, and sizing requirements.

Compliance with Standards and Regulations

The receiving water (and associated) monitoring tools described in this book can also be used
to measure compliance with standards and regulations. Numerous state and local agencies have
established regulatory programs for moderate and large-sized communities due to the EPA’s NPDES
(National Pollutant Discharge Elimination System) stormwater permit program. The recently
enacted Phase 2 regulations will extend some stormwater regulations to small communities through-
out the United States. In addition, the increasing interest in TMDL evaluations in critical watersheds
also emphasizes the need for local receiving water and discharge information. These regulatory
programs all require certain monitoring, modeling, and evaluation efforts that can be conducted
using procedures and methods described in this book.
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CHAPTER 2

Receiving Water Uses, Impairments,
and Sources of Stormwater Pollutants

“Bathing in sewage-polluted seawater carries only a negligible risk to health, even on beaches that
are aesthetically very unsatisfactory.”

Committee on Bathing Beach Contamination
Public Health Laboratory Service of the U.K.

1959
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INTRODUCTION

Wet-weather flow impacts on receiving waters have been historically misunderstood and de-
emphasized, especially in times and areas of poorly treated municipal and industrial discharges.
The above 1959 quote from the Committee on Bathing Beach Contamination of the Public Health
Laboratory Service of the U.K. demonstrates the assumption that periodic combined sewer over-
flows (CSOs), or even raw sewage discharges, produced negligible human health risks. Is it any
wonder then that the much less dramatically contaminated stormwater discharges have commonly
been considered “clear” water by many regulators?

The EPA reported that only 57% of the rivers and streams in the United States fully support
their beneficial uses (Figure 2.1). A wide variety of pollutants and sources are the cause of impaired
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Figure 2.1 U.S. rivers and streams meet-
ing designated beneficial uses. Note: Per-
centages do not add to 100% because more
than one pollutant or source may impair a
segment of ocean shoreline. (From U.S.
Environmental Protection Agency. National
Water Quality Inventory. 1994 Report to
Congress. Office of Water. EPA 841-R-95-
005. Washington, D.C. December 1995.)
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uses (Figures 2.2 through 2.6) but runoff from urban and agricultural sources dominate. This book
contains discussions of instances of beneficial use impairments associated with stormwater runoff
and the possible sources of the stressors of these effects. However, stormwater effects on receiving
waters are not always clear and obvious. As will be evident to the reader, most stormwater runoff
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assessments have been conducted in urban waterways, with fewer examples for agricultural systems.
However, many of the approaches, methods, and receiving water effects are similar in both urban
and agriculturally dominated waterways. In completely urbanized watersheds, the small urban
streams are commonly severely degraded, but they typically have no official beneficial uses or
monitoring programs (and may be intermittent in flow), and are therefore unrecognized as being
impacted or important. Unfortunately, these streams receive substantial recreational use by neigh-
borhood children. Besides the obvious safety concerns and potential drowning fears, the water
quality of urban streams can present significant risks. In older cities, stream sediments downstream
from historical industrial areas can be heavily contaminated by heavy metals and organic com-
pounds. Even in nonindustrialized areas, metallic and organic contamination can be high. Unfor-
tunately, bacteria concentrations, especially near outfalls during and soon after rains, are always
very high in these small streams, although the health risks are poorly understood. Sediment bacteria
conditions are also always high, as the sediments appear to be an excellent sink for bacteria.
Children, and others, playing in and near the streams therefore are exposed to potentially hazardous
conditions. In addition, inner-city residents sometimes rely on nearby urban waterways for fishing
opportunities, both for recreation and to supplement food supplies.

In contrast to the above obvious conditions associated with small streams in completely urban-
ized watersheds, wet-weather flows from relatively large cities discharging into large waterways
may not be associated with obvious in-stream detrimental conditions. In one example, frequent
CSO discharges from Nashville, TN, into the Cumberland River were not found to produce any
significant dissolved oxygen (DO) or fecal coliform problems (Cardozo et al. 1994). However,
Nashville is currently investigating sources of high bacteria levels in the small urban streams
draining heavily urbanized city watersheds. A series of studies of airport deicing compound runoff
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at Milwaukee’s Mitchell Field is another example that demonstrates unique site-specific conditions
affecting receiving water impacts. This study, conducted by the USGS and the Wisconsin Depart-
ment of Natural Resources, found that the extremely high BOD concentrations (several thousand
mg/L) associated with the deicing runoff had negligible effects on the DO levels in the small streams
draining the airport area to Lake Michigan. They concluded that the cold temperatures occurring
during the times of deicing runoff significantly reduced the BOD decomposition rate, and that the
small streams had short travel times before discharging into Lake Michigan, where it was well
mixed. Under laboratory conditions, the BOD rate would be much faster, and would be expected
to produce dramatically low DO conditions for almost any condition in these small streams.
Other obvious receiving water problems, such as fish kills, are also rarely associated with
stormwater discharges, as described in Chapter 3. Stormwater discharges occur frequently, and
normally do not create acute toxicity problems (or extremely low DO conditions). Fish surviving



RECEIVING WATER USES, IMPAIRMENTS, AND SOURCES OF STORMWATER POLLUTANTS 19

4

Surveyed
78%

Not
Surveyed
22%

Total estuaries = 34,388 square
miles

Total surveyed = 26,847 square
miles
Impaired
37%

Total impaired = 9,700 square miles

/

Leading Agricultural Sources
Nutrients I |
I | <
Oxygen-Depietng Svo. | 32
Habitat Alterations _ 16
Oil and Grease _ W Major 14
Priority Toxic Chemicals - B Moderate / Minor 10
[ Not Specified
Metals I 9
| | | | | | | | | | |
0O 5 10 15 20 25 30 35 40 45 50
Percent of Impaired Estuarine Square Miles
. Leading Sources Impaired %
Figure 2.5 Pollutants 9 P °
and sources affecting US. | (rgan Funoistorm sev: | N | s
estuaries. Note: Percent- o :
2ges o not add to 100% | Menicipal Point sources | Y 39
because more than one Agriculture - J 34
i?r?}l)lgit?gtsegm?e?ll: I;;‘eocrggz Industrial Point Sources _ 27
shoreline. (From U.S. Petroleum Activities [ ] 13
Environmental Protection Construction [ ] Il Major 13
Agency. National Water B Moderate / Minor
Quality Inventory. 1994 Land Disposal of Wastes _ [ Not Specified 13
Report to Congress. AN Y S Y N B
Office of Water. EPA 841- 0 5 10 15 20 25 30 35 40 45 50
R-95-005. Washington, Percent of Impaired Estuarine Square Miles
D.C. December 1995.)

in urban streams are tolerant species, with most of the intolerant organisms long since gone. It is
therefore unusual for fish kills to occur, unless severe inappropriate discharges infrequently occur
(such as those associated with industrial accidents, runoff from fire fighting, or improper waste
disposal activities). However, chronic toxicity, mostly associated with contaminated sediments or
suspended solids, is associated with stormwater. The effects of this chronic toxicity, plus habitat
problems, are the likely causes of the commonly observed significant shifts in the in-stream
biological community from naturally diverse (mostly intolerant) species to a much less diverse
assemblage of introduced tolerant species. There is increasing evidence that stormwaters in urban
and agriculturally dominated watersheds are often toxic (see Chapter 6). However, traditional
toxicity approaches often do not detect problems associated with pulse exposures and or particulate-
associated toxicity. More recently, both laboratory and in-stream (in situ) toxicity tests, especially
associated with moderate to long-term exposures to contaminated sediments and particulates, have
shown significant stormwater toxicity.
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The discharges of stormwater are also periodic, causing different types of effects than the better-
regulated continuous point source discharges. Stormwater causes episodic disturbances in aquatic
ecosystems (Minshall 1988) whose patterns of occurrence are chaotic in nature (Pool 1989) and
characteristics are unique to each event. The sciences of aquatic ecology and aquatic toxicology
have progressed to the point where the effects of continuous levels of single stressors (e.g., dissolved
oxygen, temperature, copper, DDT, diazinon, chlorpyrifos) on a wide variety of common aquatic
species are known. The effects that the single stressors have, or may have, in stormwater are
therefore known with reasonable certainty. However, as is shown in Table 2.1, nonpoint sources,
including stormwater, contain multiple stressors that are applied intermittently, and science currently
has a poor understanding of stressor interactions and effects.

The attributes of each stormwater event are a result of previous meteorological conditions (e.g.,
dry deposition, air patterns, humidity), land use patterns (e.g., traffic and parking patterns, con-
struction and landscaping activities), storm intensity and duration, and other watershed character-



Table 2.1 Potential Effects of Some Sources of Alteration on Stream Parameters
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istics. Because of the potentials for extreme heterogeneity in stormwater and its associated quality,
predicting effects to receiving waters is difficult and crude at best. Stormwaters often contain a
large number of potential stressors to aquatic ecosystems. These stressors include oxygen demand,
suspended solids, dissolved solids (including salts), altered ion ratios, nutrients, pathogens, metals,
natural and synthetic organics, pH, and temperature. These stressors may interact to varying degrees
in an antagonistic, additive, or synergistic fashion, affecting organisms in the receiving water.

There are numerous receiving water problems associated with stormwater that interfere with
beneficial uses. The most obvious is the substantial increase in runoff causing increases in the
frequency and magnitude of flooding along urban streams. Increases in stream flows also cause
significant habitat problems in urban streams by attempting to enlarge the stream cross sections,
causing significant channel erosion and unstable conditions. Stream-side residents also dramatically
affect habitat by removing riparian vegetation and large organic debris from the streams. Another
significant and obvious effect is the increase in sediment associated with poorly controlled con-
struction site runoff. This sediment smothers coarse stream sediments that are needed by many
spawning fish, and fills in stream pool areas. Another obvious receiving water problem associated
with stormwater is the large amount of floating trash and litter (some hazardous) that is discharged
by stormwater and that accumulates along urban waterways. This creates unsightly and potentially
hazardous conditions interfering with noncontact recreational uses of the stream corridors.

The degree of impact on an exposed organism is dependent on numerous factors, such as the
organism’s sensitivity, life stage, feeding habits, frequency of exposure, and magnitude and duration
of exposure. The organism or community affected by stormwater induces changes in other com-
ponents of their ecosystem including habitat, food sources, predator—prey relationships, competi-
tion, and other behavior patterns. It is clear that there is no simple method by which to detect an
effect of stormwaters on the receiving water ecosystem. Human health and safety concerns asso-
ciated with stormwater discharges are also highly variable depending on many site conditions.
Chapters 3 and 4 discuss ways in which effects can be assessed effectively, despite the complex,
heterogeneous nature of the system, while Chapters 5 and 6 describe how specific monitoring
activities can be carried out. Chapters 7 and 8 outline ways to evaluate the collected data to
accomplish the study goals, outlined in Chapter 4.

The main purpose of treating stormwater is to reduce its adverse impacts on receiving water
beneficial uses. Therefore, it is important in any stormwater runoff study to assess the detrimental
effects that runoff is actually having on a receiving water. Below are discussions of the basic
receiving water beneficial uses that need to be considered in all cases.

BENEFICIAL USE IMPAIRMENTS
Recognized Value of Human-Dominated Waterways

With full development in a watershed and with no stormwater controls, it is unlikely that any
of the basic beneficial uses can be achieved. With less development, and with the application of
stormwater controls, some uses may be possible. However, it is important that unreasonable
expectations not be placed on urban or agricultural waters, as the cost to obtain these uses may be
prohibitive. With full-scale development and lack of adequate stormwater controls, severely
degraded streams will be common. In all cases, stormwater conveyance and aesthetics should be
the basic beneficial use goals for all human-dominated waters. Biological uses should also be a
goal, but with the realization that the natural stream ecosystem will be severely modified with
urbanization and agricultural activities. Certain basic stormwater controls, installed at the time of
development, plus protection of stream habitat, may enable partial to full use of some of these
basic goals. Careful planning and optimal utilization of stormwater controls are necessary to obtain
these basic goals in most watersheds. Water contact recreation, consumptive fisheries, and water
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Figure 2.7 0 Original section of Riverwalk in San Figure 2.8 New section of Riverwalk in San Anto-
Antonio, TX. nio, TX.

supplies are not appropriate goals for most heavily developed watersheds. However, these higher uses
may be possible in urban areas where the receiving waters are large and drain mostly undeveloped areas.

There are many examples throughout the world where local citizens have recognized the added
value that aesthetically pleasing waters contribute to cities. With this recognition comes a local
pride in these waters and a genuine desire to improve their condition. In many cases, water has
played an important part in the economic renewal of an inner city area. Dreiseitl (1998) states that
“stormwater is a valuable resource and opportunity to provide an aesthetic experience for the city
dweller while furthering environmental awareness and citizen interest and involvement.” He found
that water flow patterns observed in nature can be duplicated in the urban environment to provide
healthy water systems of potentially great beauty. Without reducing safety, urban drainage elements
can utilize water’s refractive characteristics and natural flow patterns to create very pleasing urban
areas. Successful stormwater management in Germany has been best achieved by using several
measures together. Small open drainage channels placed across streets have been constructed of
cobbles. These collect and direct the runoff, plus slow automobile traffic and provide dividing lines
for diverse urban landscaping elements. The use of rooftop retention and evaporation areas reduce
peak flows. Dreiseitl has found that infiltration and retention ponds can also be used to great
advantage by providing a visible and enjoyable design element in urban landscapes.

Probably the most famous U.S. example of the economic benefits that water has contributed in an
older part of a city is Riverwalk in San Antonio, TX. Many cities would like to emulate Riverwalk, with
the great economic benefit that it has provided to San Antonio (Figures 2.7 through 2.9). Riverwalk was
conceived and constructed many decades ago, but only in recent years has its full value been realized.
Bellingham, WA (Figure 2.10), Austin, TX (Figure 2.11), and Denver, CO (Figures 2.12 through 2.14)
are some of the other U.S. cities that have long enjoyed central city urban creek corridors.

Dreiseitl (1998) described the use of stormwater as an important component of the Potsdamer
Platz in the center of Berlin. Roof runoff will be stored in large underground cisterns, with some
filtered and used for toilet flushing and irrigation. The rest of the roof runoff will flow into a 1.4-
ha (3.8-acre) concrete-lined lake in the center of the project area. The small lake provides an
important natural element in the center of this massive development and regulates the stormwater
discharge rate to the receiving water (Landwehrkanal). The project is also characterized by numer-
ous fountains, including some located in underground parking garages.



24 STORMWATER EFFECTS HANDBOOK

Figure 2.9 0 Litter control along Riverwalk, San Anto- Figure 2.10 Bike and walking trail along Watcom
nio, TX. Creek, Bellingham, WA.

Figure 2.11 Barton Springs swimming area, Austin,
TX. ver, CO.

Figure 2.13 Cherry Creek walk in Denver, CO. Figure 2.14 @Cherry Creek and Platte River junction
in Denver, CO.
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Goransson (1998) also described the aesthetic use of stormwater in Swedish urban areas. The
main emphasis was to retain the stormwater in surface drainages instead of rapidly diverting it to
underground conveyances. Small, sculpted rainwater channels are used to convey roof runoff
downspouts to the drainage system. Some of these channels are spiral in form and provide much
visual interest in areas dominated by the typically harsh urban environment. Some of these spirals
are also formed in infiltration areas and are barely noticeable during dry weather. During rains,
increasing water depths extenuate the patterns. Glazed tile, small channels with perforated covers,
and geometrically placed bricks with large gaps to provide water passage slightly below the surface
help urban dwellers better appreciate the beauty of flowing water.

Tokyo has instituted major efforts to restore historical urban rivers that have been badly polluted,
buried, or have had all of their flows diverted. Fujita (1998) describes how Tokyo residents place
great value on surface waterways: “Waterfront areas provide urban citizens with comfort and joy
as a place to observe nature and to enjoy the landscape.” Unfortunately, the extensive urbanization
that has taken place in Tokyo over the past several decades has resulted in severe stream degradation,
including the disappearance of streams altogether. However, there has recently been a growing
demand for the restoration of polluted urban watercourses in Tokyo. This has been accomplished
in many areas by improved treatment of sanitary sewage, reductions in combined sewer overflows,
and by infiltration of stormwater.

Fujita (1998) repeatedly states the great importance the Japanese place on nature, especially
flowing water and the associated landscaping and attracted animals. They are therefore willing to
perform what seems to be extraordinary efforts in urban stream recovery programs in one of the
world’s largest cities. The stream recovery program is but one element of the local efforts to provide
a reasonably balanced urban water program. Water reuse and conservation are also important
elements in their efforts. Stormwater infiltration to recharge groundwaters and the use of treated
wastewaters for beneficial uses (including stream restoration, plus landscaping irrigation, train
washing, sewer flushing, fire fighting, etc.) are all important elements of these efforts, although
this reuse currently only amounts to about 7% of the total annual water use in Tokyo.

At many U.S. wet detention pond project sites, the stormwater treatment pond is used to increase
the value of the property. Figures 2.15 and 2.16 show two examples (in Austin, TX, and in Lake Oswego,
OR, respectively). Many people live near wet detention ponds because of the close presence of the
wetlands, and their property values are typically greater than lots farther from the ponds (Marsalek et
al. 1982). They also reported that small (well-maintained) wet detention ponds are less subject to
controversy than larger ponds (that are more commonly neglected). Debo and Ruby (1982) summarized
a survey conducted in Atlanta, GA, of residents living near and downstream of 15 small detention ponds
and found that almost half the people surveyed who lived in the immediate areas of the ponds did not
even know that they existed. Wiegand et al. (1986) found that wet detention ponds, when properly
maintained, are preferred by residents over any other urban runoff control practice.

Figure 2.15 QAdvertising the benefits of a stormwater Figure 2.16 Stormwater pond adding value to apart-
pond (Austin, TX). ment complex (Lake Oswego, OR).
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Emmerling-DiNovo (1995) reported on a survey of homeowners in the Champaign-Urbana, IL,
area living in seven subdivisions having either dry or wet detention ponds. She reported that past
studies have recognized that developers are well aware that proximity to water increases the appeal
of a development. Detention ponds can create a sense of identity, distinguishing one development
from another, and can be prominent design elements. Increased value is important because the
added cost of the detention facility, including loss of developable land, must be recovered by
increasing the housing costs. Others have also found that the higher costs of developments having
stormwater detention facilities can also be offset by being able to sell the housing faster. In a survey
in Columbia, MD, 73% of the respondents were found to be willing to pay more for property
located in an area having a wet detention pond if designed to enhance fish and wildlife use. Although
the residents were concerned about nuisances and hazards, they felt that the benefits outweighed
these concerns. In her survey, Emmerling-DiNovo (1995) received 143 completed surveys. Respon-
dents reported that the overall attractiveness of the neighborhood was the most important factor in
their decision to purchase their home. Resale value was the second most important factor, while
proximity to water was slightly important. More than 74% of the respondents believed that wet
detention ponds contributed positively to the image of the neighborhood and that they were a
positive factor in choosing that subdivision. In contrast, the respondents living in the subdivisions
with dry ponds felt that the dry ponds were not a positive factor for locating in their subdivision.
Respondents living adjacent to wet ponds felt that the presence of the pond was very positive in
the selection of their specific lot. The lots adjacent to the wet ponds were reported to be worth
about 22% more than lots that were not adjacent to the wet ponds. Lots adjacent to the dry ponds
were actually worth less (by about 10%) than other lots in two of the three dry basin subdivisions
studied. The respondents favored living adjacent to wet ponds even more than next to golf courses.
Living adjacent to dry ponds was the least preferred location.

Stormwater Conveyance (Flood Prevention)

This is a basic beneficial use of streams and storm drainage systems that must be considered.
Problems are caused by increases in peak runoff flow rates that are associated with large increases
in runoff volume and decreases in the drainage time of concentration. Because of high flows during
wet weather, it is common for urban streams to have much lower flows during dry weather due to
lack of recharge from shallow groundwaters (Color Figure 2.1).* Debris and obstructions in the
receiving waters, which assist aquatic life uses, typically degrade flooding and drainage uses and
are often cleared to provide better drainage. Other common conflicts are associated with the desire
to have homogeneous channels (smooth bottoms and straight alignments) for drainage (Figure
2.17), while aquatic life requires diversity in the channel characteristics. These conflicts must be
resolved through comprehensive planning, including source controls and drainage controls that
have minimal effects on aquatic life. The best solutions would provide for the necessary flooding
and drainage benefits while also providing suit-
able biological habitat (including improved
channel stability, decreased bank erosion, artifi-
cial pools and riffle areas, overstory shading,
gravel linings, low flow meandering channel
alignments, and other refuge areas).

Recreation (Non-water Contact) Uses

This basic beneficial use is concerned with

Figure 2.17 @hannelized urban stream, Nor-X-Way, odors, trash, beauty, access, and rapidly fluctu-
Menomonee Falls, WI. ating flows. Safety is an important issue in urban

* Color figures follow p. 370.
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Figure 2.18 Megraded stream banks along New York Figure 2.19 Debris in riparian area, New York City.
City shoreline.

Figure 2.20 QAlgal mats and other floating debris, Figure 2.21 Litter controlled behind floating booms,
Orlando, FL. New York City.

areas where children frequently play near small streams. Bank stability and rapidly fluctuating
flows are, therefore, of prime importance (Figures 2.18 and 2.19). Many communities have also
established linear parks along urban streams as part of their flood control and parks programs. In
these cases, aesthetics (trash, odor, and beauty), access (paths and bridges), and the above safety
issues are also important. Excessive algal growths, with attendant odors and unsightly conditions,
may also occur along stressed urban waterways (Figures 2.20 and Color Figure 2.2). Some simple
controls have been instituted in some areas to reduce aesthetic impacts (Figure 2.21). Human health
may be an issue if water contact (especially by wading children) or if consumptive fishing occurs.
These human health uses will be very difficult to maintain in urban areas.

Biological Uses (Warm-Water Fishery, Aquatic Life Use, Biological Integrity, etc.)

This basic beneficial use is also important, but it is defined differently by different people. It
is unreasonable to expect natural receiving water conditions in agricultural or urbanized streams.
Some degradation is inevitable. The goal is to have an acceptable diversity of aquatic life and an
absence of episodic fish kills, at a minimum. It is unfortunate if sensitive and important species
exist in an agricultural or urbanized stream and need special protection, as it is probably unrealistic
to believe that it is possible to maintain these species in the absence of dramatic and extensive
stormwater controls (which are not likely to occur). The most significant impairments to aquatic
life beneficial uses are likely: habitat destruction (including channel and bank instability, sedimen-
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tation, and loss of refuge areas and vegetative overstory/canopy), highly fluctuating flow rates,
inappropriate dry-weather contaminated discharges (toxicants and pathogens), polluted sediment
(toxicants and oxygen-demanding materials), and possibly wet weather water quality degradation.
Decreases in groundwater recharge and increased peak flows during periods of storm events are
obviously associated with decreased flows during dry periods. Aquatic life undergoes additional
stress during periods of low flow due to associated increased water temperatures, decreased pollutant
mixing and transport, and simple decreased mobility and forage opportunities.

It may be possible to obtain significant short-term biological beneficial use improvements in a
degraded stream with improvements in habitat conditions alone. Longer-term benefits would likely
require sediment removal and control, plus the control of inappropriate dry-weather toxic discharges.
It is unlikely that large improvements in wet weather water quality would be possible in heavily
developed watersheds, nor may it be needed to obtain acceptable (but degraded) biological uses.
The retrofitting of stormwater controls to improve wet-weather runoff quality in an urban area is
very costly and is limited in effectiveness. However, the basic use of construction site erosion controls
and biofiltration/infiltration and sedimentation stormwater controls in newly developing areas should
be mandatory to decrease the further degradation of biological conditions in receiving waters.

Human Health-Related Uses (Swimming, Fishing, and Water Supply)

In many areas of the country, urban and agricultural runoff drains into public water supplies,
swimming areas, or fisheries. In these cases, additional concerns need to be considered, especially
relating to toxicants and pathogens. Public water supplies are frequently affected by upstream waste-
water discharges (both point and nonpoint sources) and are designed to reduce and monitor constituents
of concern. As upstream discharges increase, water treatment becomes more difficult and costly, with
increased probabilities of waterborne disease outbreaks and increased (but “legal”) taste and odor
problems. Swimming areas in urban receiving waters (large rivers and lakes) have also been more
frequently closed to the public because of high bacteria counts for extended periods after rains, and
because of other unsafe conditions (Figures 2.22 through 2.25 and Color Figure 2.3). In addition,
although fishing in urban and agricultural areas is relatively common (Figures 2.26 and 2.27), many
communities are posting fishing advisories to discourage this practice (Figure 2.28).

il

Figure 2.22 (Bwimming restriction in urban lake, San Figure 2.23 Swimming near stormwater outfall,
Francisco, CA. Navesink River, NJ.
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Figure 2.24 Children playing in Lincoln Creek, Mil-
waukee, WI. (Courtesy of Wisconsin Figure 2.25 Floatable trash from CSO and stormwa-
Department of Natural Resources.) ter discharges, New York City.

Figure 2.26 (Fishing in urban stream, Birmingham, Figure 2.27 Urban fishing in Neva River, St. Peters-
burg, Russia.

Unfortunately, pathogen levels in stormwater may be high. Fecal coliform levels can be very
high, but fecal coliform levels are not thought to be a good indicator of pathogens in stormwater
(see also Chapter 4). Direct pathogen monitoring in stormwater has shown very large numbers of
some specific pathogens, however, requiring careful consideration for human health issues. In
addition, sediments may contain elevated levels of pathogens which live for extended periods
following high flow events (Burton et al. 1987). It is very difficult to reduce the high levels using
typical stormwater controls. Common disinfection controls are also very costly and may create
additional problems associated with trihalomethane production. The consumption of fish or shellfish
in waters receiving agricultural and urban runoff is also a cause of concern because of pathogens
and toxicants. This has been shown with the recent outbreaks of Pfiesteria in nutrient-laden waters
of the East Coast. Many of the toxic compounds found in stormwater may readily bioaccumulate
in aquatic organisms, and pathogens can also contaminate the aquatic organisms. All of these human
health issues require careful study by epidemiologists and public health professionals.
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LIKELY CAUSES OF RECEIVING WATER
USE IMPAIRMENTS

—— —

‘Mo Fishing

In general, monitoring of urban and agricul-
Advisory tural stormwater runoff has indicated that the
o biological beneficial uses of receiving waters are
most likely affected by habitat destruction and
long-term pollutant exposures (especially to
macroinvertebrates via contaminated sediment).
Pulse exposures to suspended solids and toxi-
cants and contaminated sediments have also
been shown to be common in urban and agricul-
tural waterways (see Chapter 6; also review by
Burton et al. 2000). Mancini and Plummer
(1986) have long been advocates of numeric
water quality standards for stormwater that
Figure 2.28 (Fish advisory for Village Creek, Jeffer-  reflect the partitioning of the toxicants and the
son Co., AL. short periods of exposure during rains. Unfortu-
nately, this approach attempts to isolate individ-
ual runoff events and does not consider the accumulative adverse effects caused by the frequent
exposures of receiving water organisms to stormwater (Davies 1995; Herricks et al. 1996a,b).
Recent investigations have identified acute toxicity problems associated with intermediate-term
(about 10 to 20 days) exposures to adverse toxicant concentrations in urban receiving streams
(Crunkilton et al. 1996). The most severe receiving water problems may be associated with chronic
exposures to contaminated sediment and to habitat destruction.

Heaney et al. (1980) conducted a comprehensive evaluation of the early literature pertaining
to urban runoff effects on receiving waters. They found that well-documented cases of receiving
water detrimental effects were scarce. Through their review of many reports, they found several
reasons to question the implied cause-and-effect relationships between urban runoff and receiving
water conditions. Impacts that were attributed to urban runoff were probably caused, in many
cases, by other water pollution sources (such as combined sewer overflows, agricultural nonpoint
sources, etc.). One of the major difficulties encountered in their study was the definition of
“problem” that had been used in the reviewed projects. They found that very little substantive
data had been collected to document beneficial use impairments. In addition, urban runoff impacts
are most likely to be associated with small receiving waters, while most of the existing urban
water quality monitoring information exists for larger bodies of water. It was also very difficult
for many researchers to isolate urban runoff effects from other water pollutant sources, such as
municipal and industrial wastes. This was especially important in areas that had combined sewers
that overflowed during wet weather, contributing to the receiving water impacts during wet-
weather conditions.

Claytor (1996a) summarized the approach developed by the Center for Watershed Protection
as part of their EPA-sponsored research on stormwater indicators (Claytor and Brown 1996). The
26 stormwater indicators used for assessing receiving water conditions were divided into six broad
categories: water quality, physical/hydrological, biological, social, programmatic, and site. These
were presented as tools to measure stress (impacting receiving waters), to assess the resource itself,
and to indicate stormwater control program implementation effectiveness. The biological commu-
nities in Delaware’s Piedmont streams have been severely impacted by stormwater, after the extent
of imperviousness in the watersheds exceeded about 8 to 15%, according to a review article by
Claytor (1996b). If just conventional water quality measures are used, almost all (87%) of the
state’s nontidal streams supported their designated biological uses. However, when biological
assessments are included, only 13% of the streams were satisfactory.
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MAJOR URBAN RUNOFF SOURCES

Soil erosion from construction sites and increased stormwater runoff generated from newly
established urban areas cause significant economic, social, and environmental problems. These
problems may result from all land development activities such as subdivision development, indi-
vidual homesite construction, large-scale construction projects such as shopping centers and indus-
trial sites, highway construction, and public utility construction projects. Problems caused by
construction site erosion and stormwater runoff include sediment that destroys fish habitat and fills
in lakes; urban runoff volumes and flow rates that increase flooding; nutrient discharges that produce
nuisance algae growths; toxic heavy metal and organic discharges that result in inedible fish,
undrinkable water, and shifts in aquatic life to more pollution-tolerant species; and pathogenic
bacteria discharges that necessitate swimming beach closures.

Erosion losses and downstream sedimentation peak during construction, when soil exposure is
greatest, and decline after construction is completed. Thus, while the impacts of erosion and sedi-
mentation may be severe, they are relatively short term in nature for any specific construction site.

Stormwater runoff and pollutant discharges, on the other hand, increase steadily as development
progresses and remain at an elevated level for the lifetime of the development. This happens because
impervious surfaces such as roads, sidewalks, driveways, rooftops, etc., permanently reduce infil-
tration of rainfall and runoff into the ground.

Accelerated stormwater runoff rates also occur with development and can significantly increase
the water’s ability to detach sediment and associated pollutants, to carry them off site, and to deposit
them downstream. Increased runoff rates may also cause stream bank and channel erosion. Increased
stormwater runoff volumes and flow rates also increase urban flooding and the resultant loss of
human life and property.

Urbanization may also affect groundwater adversely. In some cases, polluted stormwater con-
taminates groundwater. More frequently, impervious surfaces block infiltration of rainfall and runoff
that otherwise would recharge groundwater supplies. Reduced infiltration affects not only ground-
water levels but also the amount of groundwater-derived stream flow available during low flow
periods. From a water quality standpoint, low flow periods are critical because the amount of water
available to dilute stream pollutants is at a minimum at those times. Reduced flows during extended
dry periods also adversely affect aquatic life.

Urban runoff, which includes stormwater, construction site runoff, snowmelt, and contaminated
baseflows, has been found to cause significant receiving water impacts on aquatic life. The effects
are obviously most severe for small receiving waters draining heavily urbanized and rapidly
developing watersheds. However, some studies have shown important aquatic life impacts for
streams in watersheds that are less than 10% urbanized.

In order to best identify and understand these impacts, it is necessary to include biological
monitoring (using a variety of techniques) and sediment quality analyses in a monitoring
program. Water column testing alone has been shown to be very misleading. Most aquatic life
impacts associated with urbanization are probably related to chronic long-term problems caused
by habitat destruction, polluted sediments, and food web disruption. Transient water column
quality conditions associated with urban runoff probably rarely cause significant direct aquatic
life acute impacts.

The underlying theme of many researchers is that an adequate analysis of receiving water
biological impacts must include investigations of a number of biological organism groups (fish,
benthic macroinvertebrates, algae, rooted macrophytes, etc.) in addition to studies of water and
sediment quality. Simple studies of water quality alone, even with possible comparisons with water
quality criteria for the protection of aquatic life, are usually inadequate to predict biological impacts
associated with urban runoff.

Duda et al. (1982) presented a discussion on why traditional approaches for assessing water
quality, and selecting control options, in urban areas have failed. The main difficulties of traditional
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approaches when applied to urban runoff are the complexity of pollutant sources, wet weather
monitoring problems, and limitations when using water quality standards to evaluate the severity
of wet weather receiving water problems. They also discuss the difficulty of meeting water quality
goals (that were promulgated in the Water Pollution Control Act of 1972) in urban areas.

Relationships between observed receiving water biological effects and possible causes have
been especially difficult to identify, let alone quantify. The studies reported in this chapter have
identified a wide variety of possible causative agents, including sediment contamination, poor water
quality (low dissolved oxygen, high toxicants, etc.), and factors affecting the physical habitat of
the stream (high flows, unstable stream beds, absence of refuge areas, etc.). It is expected that all
of these factors are problems, but their relative importance varies greatly depending on the watershed
and receiving water conditions. Horner (1991), as an example, notes that many watershed, site, and
organism-specific factors must be determined before the best combination of runoff control practices
to protect aquatic life can be determined.

Construction Site Erosion Characterization

Sediment is, by weight, the greatest pollutant of water resources. Willett (1980) estimated that
approximately 5 billion tons of sediment reach U.S. surface waters annually, of which 30% is
generated by natural processes and 70% by human activities. Half of this 70% is attributed to
eroding croplands. Although urban construction accounts for only 10%, this amount equals the
combined contributions of forestry, mining, industrial, and commercial activities (Willett 1980;
Virginia 1980).

Construction accounts for a much greater proportion of the sediment load in urban areas —
sometimes more than 50% — than it does in the nation as a whole. Urban areas experience large
sediment loads from construction site erosion because construction sites usually have extremely
high erosion rates and because urban construction sites are efficiently drained by stormwater drainage
systems. Construction sites at most U.S. locations have an erosion rate of approximately 20 to 200
tons per acre per year, a rate that is about 3 to 100 times that of croplands. Construction site erosion
losses vary greatly depending on local rain, soil, topographic, and management conditions. As an
example, the Birmingham, AL, area may have some of the highest erosion rates in the nation because
of its combination of very high-energy rains, moderately erosive soils, and steep topography. The
typically high erosion rates mean that even a small construction project may have a significant
detrimental effect on local water bodies. While construction occurs on only about 0.007% of U.S.
land, it accounts for about 10% of the sediment load to U.S. surface waters (Willett 1980).

Data from the highly urbanized Menomonee River watershed in southeastern Wisconsin illus-
trate the impact of construction on water quality. These data indicate that construction sites have
much greater potential for generating sediment and phosphorus than do areas in other land uses
(Chesters et al. 1979). For example, construction sites can generate approximately 8 times more
sediment and 18 times more phosphorus than industrial sites, the land use that contributes the
second highest amount of these pollutants, and 25 times more sediment and phosphorus than row
crops. In fact, construction contributes more sediment and phosphorus to the river than any other
land use. In 1979, construction comprised only 3.3% of the watershed’s total land area, but it
contributed about 50% of the suspended sediment and total phosphorus loading at the river mouth
(Novotny et al. 1979).

Similar conclusions were reported by the Southeastern Wisconsin Regional Planning Commis-
sion in a 1978 modeling study of the relative pollutant contributions of 17 categories of point and
nonpoint pollution sources to 14 watersheds in the southeast Wisconsin regional planning area
(SEWRPC 1978). This study revealed construction as the first or second largest contributor of
sediment and phosphorus in 12 of the 14 watersheds. Although construction occupied only 2%
of the region’s total land area in 1978, it contributed approximately 36% of the sediment and 28%
of the total phosphorus load to inland waters, making construction the region’s second largest
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source of sediment and phosphorus. The largest source of sediment was estimated to be cropland;
livestock operations were estimated to be the largest source of phosphorus. By comparison, cropland
comprised 72% of the region’s land area and contributed about 45% of the sediment and only 11%
of the phosphorus to regional watersheds. This study again points out the high pollution-generating
ability of construction sites and the significant water quality impact a small amount of construction
may have on a watershed.

A monitoring study of construction site runoff water quality in the Village of Germantown
(Washington County, WI) yielded similar results (Madison et al. 1979). Several large subdivisions
being developed with single and multifamily residences were selected for runoff monitoring. All utility
construction, including the storm drainage system and streets, was completed before monitoring began.

Analysis of the monitoring data showed that sediment leaving the developing subdivisions
averaged about 25 to 30 tons per acre per year (Madison et al. 1979). Construction practices
identified as contributing to these high yields were removing surface vegetation; stripping and
stockpiling topsoil; placing large, highly erodible mounds of excavated soil on and near the streets;
pumping water from flooded basement excavations; and tracking of mud into the streets by con-
struction vehicles. If the amount of sediment leaving the sites during utility development had been
added in, the total amount of eroded sediment leaving the site would have been substantially greater.

Analysis of the Germantown data also showed that the amount of sediment leaving areas
undergoing development is a function of the extent and duration of development and is independent
of the type of development. In other words, there is no difference in the per acre sediment loads
produced by single-family or multifamily construction. This finding is significant because local
and state regulatory programs sometimes exempt single-family home construction from erosion
control requirements.

Almost all eroded sediment from the Germantown construction areas entered the receiving
waters. The delivery of sediment to the receiving waters was found to be nearly 100% when 10%
or more of the watershed was experiencing development. The smallest delivery value obtained
during the Germantown monitoring was 50%, observed when only 5% of the watershed was
undergoing development. These high delivery values occurred (even during periods with small
amounts of development) because storm drainage systems, which efficiently transport water and
its sediment load, had been installed during an early stage of development.

Local Birmingham, AL, erosion rates from construction sites can be 10 times the erosion rates
from row crops and 100 times the erosion rates from forests or pastures (Nelson 1996). The site-
specific factors affecting construction site erosion include:

» Rainfall energy (Alabama has the highest in the nation)

 Soil erodibility (northern part of the state has fine-grained, highly erosive soils)

« Site topography (northeastern part of the state has steep hills under development)
* Surface cover (usually totally removed during initial site grading)

The rain energy is directly related to rainfall intensity, and the rainfall erosion index varies from
250 to 550+ for Alabama (most of the state is about 350), which is the highest in the United States.
The months having the greatest erosion potential are February and March, while September through
November have the lowest erosion potential. Nelson (1996) monitored sediment quantity and
particle size from 70 construction site runoff samples from the Birmingham area. He measured
suspended solids concentrations ranging from 100 to more than 25,000 mg/L (overall median about
4000 mg/L), while the turbidity values ranged from about 300 to >50,000 NTU (average of about
4000 NTU). About 90% of the particles (by mass) were smaller than about 20 um (0.02 mm) in
diameter, and the median size was about 5 um (0.005 mm). The local construction site erosion
discharges were estimated to be about 100 tons/acre/year. Table 2.2 summarizes the measured
suspended solids and median particle sizes as a function of rain intensity. High-intensity rains were
found to have the most severe erosion problems, as expected, with much greater suspended solids
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Table 2.2 Birmingham (AL) Construction Site Erosion Runoff Characteristics

Low-Intensity Rains =~ Moderate-Intensity Rains  High-Intensity Rains

(<0.25 in/hr) (about 0.25 in/hr) (>1 in/hr)
Suspended solids, mg/L 400 2000 25,000
Particle size (median), um 3.5 5 8.5

Data from Nelson, J. Characterizing Erosion Processes and Sediment Yields on Construction Sites. M.S.C.E.
thesis. Department of Civil and Environmental Engineering, University of Alabama at Birmingham. 94 pp. 1996.

concentrations. Typical small particle sizes of erosion particulates make it very difficult to remove
these particulates after they have been eroded from the site. The extreme turbidity values also cause
very high in-stream turbidity conditions in local receiving waters for great distances downstream
of eroding sites.

Urban Runoff Contaminants

Urban runoff is comprised of many different flow phases. These may include dry-weather base
flows, stormwater runoff, combined sewer overflows (CSOs), and snowmelt. The relative magni-
tudes of these discharges vary considerably, based on a number of factors. Season (such as cold
vs. warm weather, or dry vs. wet weather) and land use have been identified as important factors
affecting baseflow and stormwater runoff quality.

Land development increases stormwater runoff volumes and pollutant concentrations. Imper-
vious surfaces, such as rooftops, driveways, and roads, reduce infiltration of rainfall and runoff into
the ground and degrade runoff quality. The most important hydraulic factors affecting urban runoff
volume (and therefore the amount of water available for groundwater infiltration) are the quantity
of rain and the extent of impervious surfaces directly connected to a stream or drainage system.
Directly connected impervious areas include paved streets, driveways, and parking areas draining
to curb and gutter drainage systems, and roofs draining directly to a storm or combined sewer pipe.
Table 2.3 presents older stormwater quality data (APWA 1969), while Table 2.4 is a summary of
the Nationwide Urban Runoff Program (NURP) stormwater data collected from about 1979 through
1982 (EPA 1983). The NURP data are the most comprehensive stormwater data available from
throughout the nation. The recently collected data for the stormwater NPDES permits is a potentially
large and important database of information, but it has not been made conveniently available. Land
use and source areas (parking areas, rooftops, streets, landscaped areas, etc.) all have important
effects on stormwater runoff quality. BOD; bacteria and nutrient concentrations in stormwater are
lower than in raw sanitary wastewater. However, urban stormwater still has relatively high concen-
trations of bacteria, along with high concentrations of many metallic and some organic toxicants.

NURP found that stormwater pollutant concentrations, runoff volumes, and therefore annual
pollutant yields often vary with land use. Although inconsistencies in local development practices
within a single land use category make land use a less than perfect indicator of urban runoff
characteristics, land use must serve as a surrogate for more appropriate indicators because devel-
opment data are typically reported in land use categories. The amount of directly connected imper-
vious area is a very good indicator of an area’s runoff volume. The extent of “effective” impervious
surfaces, however, is a function of local development customs (lot sizes, use of swale drainages,
single or multilevel buildings, type of landscaping, etc.), which can vary significantly within a single
land use category (such as medium-density residential). Development characteristics are not uniform
throughout a region, and they may also vary by age of development or location within a single city.

Bannerman et al. (1979) found a high correlation between pollutant loading values and percent
connected-imperviousness during monitoring of seven subwatersheds of the Menomonee River
basin: pollutant loading to the river increased as the extent of impervious areas directly connected
to the storm drainage system increased. Although larger amounts of runoff and pollutants were
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Table 2.3 Characteristics of Stormwater Runoff from Early Studies
BOD, Total Solids Suspended Chlorides coD
City (mg/L) (mg/L) Solids (mg/L) (mg/L) (mg/L)
East Bay Sanitary District:
Oakland, California
Minimum 3 726 16 300
Maximum 7700 4400 10,260
Average 87 1401 613 5100
Cincinnati, Ohio
Maximum Seasonal Means 12 260 110
Average 17 227 111
Los Angeles County
Average 1962-63 161 2909 199
Washington, D.C.
Catch-basin samples during
storm 6 26 11
Minimum 625 36,250 160
Maximum 126 2100 42
Average
Seattle, Washington 10
Oxney, England 1002 2045
Moscow, Russia 186-285 1000-35002
Leningrad, Russia 36 14,541
Stockholm, Sweden 17-80 30-8000 18-3100
Pretoria, South Africa
Residential 30 29
Business 34 28
Detroit, Michigan 96-234 310-914 102-213°
a Maximum.
b Mean.

From APWA (American Public Works Association). Water Pollution Aspects of Urban Runoff. Water Pollution
Control Research Series WP-20-15, Federal Water Pollution Control Administration. January 1969.

Table 2.4 Median Stormwater Pollutant Concentrations for All Sites by Land Use

Residential Mixed Land Use Commercial Open/Non-urban
Constituent Median COV2 Median COV  Median COV  Median = COV
BOD;, mg/L 10 0.41 7.8 0.52 9.3 0.31 — —
COD, mg/L 73 0.55 65 0.58 57 0.39 40 0.78
TSS, mg/L 101 0.96 67 1.14 69 0.85 70 2.92
Total Kjeldahl nitrogen, ug/L 1900 0.73 1288.8 0.50 1179 0.43 965 1.00
NO, + NO; (as N) ng/L 736 0.83 558 0.67 572 0.48 543 0.91
Total P, pg/L 383 0.69 263 0.75 201 0.67 121 1.66
Soluble P, ug/L 143 0.46 56 0.75 80 0.71 26 2.1
Total lead, ug/L 144 0.75 114 1.35 104 0.68 30 1.52
Total copper, ng/L 33 0.99 27 1.32 29 0.81 — —
Total zinc, pg/L 135 0.84 154 0.78 226 1.07 195 0.66

a CQV: coefficient of variation = standard deviation/mean.

From EPA (U.S. Environmental Protection Agency). Results of the Nationwide Urban Runoff Program. Water
Planning Division, PB 84-185552, Washington, D.C. December 1983.

generated in low-density residential areas, compared to undisturbed areas, runoff and pollutant
delivery from the source areas to streams was still low due to the use of grass-lined roadside
drainage channels. Soil and vegetation have a greater chance to reduce runoff water and pollutants
in areas drained by grass-lined drainage channels than in similar areas drained by conventional

curb-and-gutter drainage systems.
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Table 2.5 presents estimates of typical urban area pollutant yields from several separate studies.
Local conditions and development characteristics significantly affect these estimates. The most
significant factor is the drainage efficiency of the areas, specifically if the areas are drained by
grass swales. The low-density residential area values shown on this table reflect grass swale drained
areas. If conventional curbs and gutters were used instead of grass swales, the yields would be
about 10 times greater. Other important development characteristics affecting runoff yields include
roof drainage connections and the presence of alleyways. Increased drainage efficiency invariably
leads to increased pollutant discharges.

A number of urban runoff monitoring projects (such as EPA 1983; Pitt and McLean 1986) have
found inorganic and organic hazardous and toxic substances in urban runoff. The NURP data,
collected from mostly residential areas throughout the United States, did not indicate any regional
differences in the substances detected, or in their concentrations. However, residential and industrial
data obtained by Pitt and McLean (1986) in Toronto found significant concentration and yield
differences for these two land uses and for dry weather and wet weather urban runoff flows.

Tables 2.6 and 2.7 list the toxic and hazardous organic substances that have been found in
greater than 10% of industrial and residential urban runoff samples. NURP data do not reveal toxic
urban runoff conditions significantly different for different geographical areas throughout North
America (EPA 1983). The pesticides shown were mostly found in urban runoff from residential
areas, while other hazardous materials were much more prevalent in industrial areas. Urban runoff
dry weather baseflows may also be important contributors of hazardous and toxic pollutants.

Urban Runoff Pollutant Sources

Sources of the toxic and hazardous substances found in urban runoff vary widely. Table 1.3
listed the major expected sources of these substances. Automobile use contributes significantly to
many of these materials. Polycyclic aromatic hydrocarbons (PAHs), the most commonly detected
toxic organic compounds found in urban runoff, are mostly from fossil fuel combustion. Phthalate
esters, another group of relatively common toxic organic compounds, are derived from plastics.
Pentachlorophenol, also frequently found, comes from preserved wood. Such compounds are very
hard to control at their sources, and, unfortunately, their control by typical stormwater management
practices is little understood.

Urban runoff includes warm and cold weather baseflows, stormwater runoff, and snowmelt.
Table 2.8 shows median concentrations of some of the pollutants monitored in a mixed residential
and commercial catchment and from an industrial area in Toronto, Ontario, for these different flow
phases (Pitt and McLean 1986). Samples were obtained from baseflow discharges, stormwater
runoff, and snowmelt. The baseflows had surprisingly high concentrations of several pollutants,
especially dissolved solids (filtrate residue) and fecal coliforms from the residential catchment. The
concentrations of some constituents in the stormwater from the industrial watershed were typically
much greater than the concentrations of the same constituents in the residential stormwater. The
industrial warm weather baseflows were also much closer in quality to the industrial stormwater
quality than the residential baseflows were to the residential stormwater quality. The data collected
for pesticides and PCBs indicate that the industrial stormwater and baseflows typically contained
much greater concentrations of these pollutants than the residential waters. Similarly, the more
commonly analyzed heavy metals were also more prevalent in the industrial stormwater. However,
herbicides were only detected in residential urban runoff, especially the baseflows.

During cold weather, the increases in filtrate residue were quite apparent for both study catch-
ments and for both baseflows and snowmelt. These increases were probably caused by high chlorides
from road salt applications. In contrast, bacteria populations were noticeably lower in all outfall
discharges during cold weather. Few changes were noted in concentrations of nutrients and heavy
metals at the outfall, between cold- and warm-weather periods.



Table 2.5 Typical Urban Area Pollutant Yields (Ib/acre/year or kg/halyr)?

Total Suspended Total NO;, plus

Land Use Solids Solids Chloride  Phosphorus TKN NH, NO, BOD,
Commercial 2100 1000 420 1.5 6.7 1.9 3.1 62
Parking lot 1300 400 300 0.7 5.1 2.0 2.9 47
High-density residential 670 420 54 1.0 4.2 0.8 2.0 27
Medium-density residential 450 250 30 0.3 2.5 0.5 1.4 13
Low-density residential® 65 10 9 0.04 0.3 0.02 0.1 1
Freeways 1700 880 470 0.9 7.9 15 4.2 NA®P
Industrial 670 500 25 1.3 3.4 0.2 1.3 NA
Parks NAc 3 NA 0.03 NA NA NA NA
Shopping center 720 440 36 0.5 3.1 0.5 1.7 NA

Land Use cob Lead® Zinc Chromium Copper Cadmium  Arsenic
Commercial 420 2.7 2.1 0.15 0.4 0.03 0.02
Parking lot 270 0.8 0.8 NA 0.06 0.01 NA
High-density residential 170 0.8 0.7 NA 0.03 0.01 NA
Medium-density residential 50 0.05 0.1 0.02 0.03 0.01 0.01
Low-density residential® 7 0.01 0.04 0.002 0.01 0.001 0.001
Freeways NA 4.5 2.1 0.09 0.37 0.02 0.02
Industrial 200 0.2 0.4 0.6 0.10 0.05 0.04
Parks NA 0.005 NA NA NA NA NA
Shopping center NA 1.1 0.6 0.04 0.09 0.01 0.02

a The difference between Ib/acre/year and kg/hal/yr is less than 15%, and the accuracy of the values shown in this table cannot

differentiate between such close values.

® The monitored low-density residential areas were drained by grass swales.

° NA = Not available.

d The lead unit area loadings shown on this table are currently expected to be significantly less than shown on this table, as these
values are from periods when leaded gasoline adversely affected stormwater lead quality.
¢ The monitored low-density residential areas were drained by grass swales.

Data from Bannerman et al. (1979, 1983); Madison et al. (1979); EPA (1983); Pitt and McLean (1986).
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Table 2.6 Hazardous Substances Observed in Urban Runoff

Hazardous Residential Industrial
Substances Areas Areas
Benzene 5 ug/L 5 ug/L

Chlordane 17 ng/L —
Chloroform — 5 ug/L
Dieldrin 2 to 6 ng/L —
Endrin 44 ng/L —
Methoxychlor 20 ng/L —
Pentachlorophenol 70 to 280 ng/L 50 to 710 ng/L
Phenol 1 ng/L 4 ng/L
Phosphorus 0.1 mg/L 0.5 ng/L
Toluene — 5 ug/L

Data from EPA 1983; Pitt and McLean 1986 (Toronto); and Pitt et al.

1996 (Birmingham).

Table 2.7 Other Toxic Substances Observed in Urban Runoff

GC/MS Volatiles

Residential Areas

Industrial Areas

1,2-Dichloroethane —
Methylene chloride —
Tetrachloroethylene —

GC/MS Base/Neutrals

Bis (2-ethylene) phthalate 8 ug/L
Butyl benzyl phthalate 5 ug/L
Diethyl phthalate —
Di-N-butyl phthalate 3 ug/L
Isophorone 2 ug/L
N-Nitrosodimethylamine —
Phenanthrene —
Pyrene —

GC/MS Pesticides

BHC up to 20 ng/L
Chlordane up to 15 ng/L
Dieldrin up to 6 ng/L
Endosulfan sulfate up to 10 ng/L
Endrin up to 45 ng/L
PCB-1254 e

PCB-1260 —

6 ng/L
5 ug/L
High in some source areas

18 ug/L
58 ug/L
20 pg/L

4 ng/L

3 ug/L
High in some source areas
High in some source areas

up to 630 ng/L
up to 440 ng/L

Data from EPA 1983; Pitt and McLean 1986 (Toronto); and Pitt et al. 1996

(Birmingham).

Table 2.9 compares the estimated annual discharges from the residential and industrial catch-

ments during the different runoff periods. The unit area annual yields for many of the heavy metals
and nutrients are greater from the industrial catchment. Industrial catchments contribute most of
the chromium to the local receiving waters, and approximately equal amounts with the residential
and commercial catchments for phosphorus, chemical oxygen demand, copper, and zinc. This table
also shows the great importance of warm weather baseflow discharges to the annual urban runoff
pollutant yields, especially for industrial areas. Cold weather bacteria discharges are insignificant
when compared to the warm weather bacteria discharges, but chloride (and filtrate residue) loadings
are much more important during cold weather.

Table 2.10 shows the fraction of the annual estimated yields for different warm and cold periods

(warm weather baseflow, stormwater flows, cold weather baseflow, and snowmelt). Typical storm-
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Table 2.8 Median Urban Runoff Pollutant Concentrations

Warm-Weather Baseflow Warm-Weather Stormwater

Constituent Residential Industrial Residential Industrial
Total residue 979 554 256 371
Filterable residue 973 454 230 208
Particulate residue <5 43 22 117
Total phosphorus 0.09 0.73 0.28 0.75
Total Kjeldahl N 0.9 2.4 25 2.0
Phenolics (ug/L) <15 2.0 1.2 5.1
COD 22 108 55 106
Fecal coliforms (no./100 mL) 33,000 7000 40,000 49,000
Fecal streptococci (no./100 mL) 2300 8800 20,000 39,000
Chromium <0.06 0.42 <0.06 0.32
Copper 0.02 0.045 0.03 0.06
Lead <0.04 <0.04 <0.06 0.08
Zinc 0.04 0.18 0.06 0.19

Cold-Weather Baseflow Cold-Weather Melting Periods

Constituent Residential Industrial Residential Industrial
Total residue 2230 1080 1580 1340
Filterable residue 2210 1020 1530 1240
Particulate residue 21 50 30 95
Total phosphorus 0.18 0.34 0.23 0.50
Total Kjeldahl N 14 2.0 1.7 25
Phenolics (ug/L) 2.0 7.3 2.5 15.0
COD 48 68 40 94
Fecal coliforms (no./100 mL) 9800 400 2320 300
Fecal streptococci (no./100 mL) 1400 2400 1900 2500
Chromium <0.01 0.24 <0.01 0.35
Copper 0.015 0.04 0.04 0.07
Lead <0.06 <0.04 0.09 0.08
Zinc 0.065 0.15 0.12 0.31

From Pitt, R. and J. McLean. Humber River Pilot Watershed Project, Ontario Ministry of the Envi-
ronment, Toronto, Canada. 483 pp. June 1986.

water flow contributions from these separate stormwater outfalls were only about 20 to 30% of the
total annual discharges (by volume). Baseflows contributed the majority of flows. Many constituents
were also contributed mostly by snowmelt and baseflows, with the stormwater contributions being
less than 50% of the total annual yields. The ratios of expected annual pollutant yields from the
industrial catchment divided by the yields from the residential/commercial catchment can be high,
as summarized below.

Ratios of Industrial to Mixed Residential/Commercial
Unit Area Yields

Particulate residue (suspended solids) 4.4
Phosphorus 3.0
Phosphates 5.1
Chemical oxygen demand 2.0
Fecal streptococci bacteria 2.6
Chromium 53.0
Zinc 25

The only constituents with annual unit area yields that were lower in the industrial catchment
than in the mixed residential/commercial catchment were chloride and filtrate residue (dissolved



Table 2.9 Monitored Annual Pollutant Discharges for Toronto’s Humber River Watershed Test Sites

Thistledowns (Residential/Commercial)

Emery (Industrial)

Warm Cold Warm Cold Approx. Indus. Weighted Indus.

Base- Storm- Base- Melt- Approx. Base- Storm- Base- Melt- Approx. to Resid.Total to Resid. Total

Constituent Units flow water flow water Total flow water flow water Total Yield Ratios Yield Ratios?
Runoff md%/ha 1700 950 1100 1800 5600 2100 1500 660 830 5100 0.9 0.3
Total residue kg/ha 1700 240 2400 1700 6100 1100 670 710 1500 4000 0.7 0.2
Chlorides kg/ha 480 33 1200 720 2400 160 26 310 700 1200 0.5 0.2
Total P g/ha 150 290 200 570 1200 1500 1300 220 540 3600 3.0 1.0
Total Kjeldahl N g/ha 1500 2800 1500 3500 9300 4900 3400 1300 2800 12,000 1.3 0.4
Phenolics g/ha <2.6 1.2 2.3 23 26 4.1 8.1 4.8 14 31 1.2 0.4
COD kg/ha 38 51 52 130 270 220 170 45 91 530 2.0 0.7
Chromium g/ha <100 21 <10 15 36 860 600 160 290 1900 50 18
Copper g/ha 35 30 16 77 160 92 120 26 76 310 1.9 0.7
Lead g/ha <70 4 <70 170 210 <75 170 <25 150 320 15 0.5
Zinc g/ha 70 74 70 270 480 370 430 100 350 1200 2.5 0.8
Fecal coliform 10° org/ha 560 480 110 62 1200 144 760 3 6 910 0.8 0.3

“Warm weather” is for the period from about March 15 through December 15, while “cold weather” is for the period from about December 15 through March 15.
a The Humber River basin is about 25% industrial and 75% residential and commercial.
From Pitt, R. and J. McLean. Humber River Pilot Watershed Project, Ontario Ministry of the Environment, Toronto, Canada. 483 pp. June 1986.
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Table 2.10 Major Concentration Periods by Parameter

Runoff Volume Total Residue Filtrate Residue Particulate Residue Chlorides
Residential Industrial Residential Industrial Residential Industrial Residential Industrial Residential Industrial
Warm baseflow 31% 41% 28% 28% 28% 30% 4% 16% 20% 13%
Stormwater 17 29 4 17 4 10 18 53 1 2
Cold baseflow 20 13 40 18 40 18 14 5 49 26
Meltwater 33 16 29 38 27 41 63 26 29 58
Phosphorus Phosphate Total Kjeldahl Nitrogen Ammonia Nitrogen
Residential Industrial Residential Industrial Residential Industrial Residential Industrial
Warm baseflow 12 42 — 35 16 39 — —_
Stormwater 24 36 24 51 30 27 21 24
Cold baseflow 16 6 — — 16 10 — —
Meltwater 47 15 76 14 38 23 78 76
Phenolics CcOoD Fecal Coliform Fecal Streptococci Pseudomonas aeruginosa
Residential Industrial Residential Industrial Residential Industrial Residential Industrial Residential Industrial
Warm baseflow — 13 14 42 46 16 12 20 53 41
Stormwater 5 27 19 32 40 84 61 73 46 58
Cold baseflow 9 16 19 9 9 — 4 2 1 —
Meltwater 87 45 48 17 5 — 22 4 — 1
Chromium Copper Lead Zinc
Residential Industrial Residential Industrial Residential Industrial Residential Industrial
Warm baseflow — 45 22 29 — — 14 30
Stormwater 59 31 19 38 19 54 15 35
Cold baseflow — 8 10 8 — — 14 8
Meltwater 4 16 49 24 81 46 56 27

Warm period included samples from Thistledowns from July 28 through Nov. 15, 1983, and from Emery from May 14 through Nov.15, 1983. Cold period samples

from Thistledowns were from Feb. 2 through March 25, 1984, and from Emery from Jan. through March 22, 1984.
From Pitt, R. and J. McLean. Humber River Pilot Watershed Project, Ontario Ministry of the Environment, Toronto, Canada. 483 pp. June 1986.
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solids). The annual unit area yields from the residential/commercial catchment were approximately
twice the annual unit area yields from the industrial catchment for these constituents.

If only warm weather stormwater runoff is considered (and not baseflows and snowmelts), then
significant yield and control measure selection errors are probable. Residential/commercial unit
area annual yields for total residue (total solids) for stormwater alone are approximately 240 kg/ha,
compared with approximately 670 kg/ha for the industrial catchment. These yields are similar to
yields reported elsewhere for total annual total residue unit area yields. However, these warm
weather stormwater runoff yields only contributed approximately 5 to 20% of the total annual total
residue yields for these study catchments. Annual yields of several constituents were dominated
by cold weather processes irrespective of the land use monitored. These constituents include total
residue, filtrate residue, chlorides, ammonia nitrogen, and phenolics. The only constituents for
which the annual yields were dominated by warm weather processes, irrespective of land use, were
bacteria (fecal coliforms, fecal streptococci, and Pseudomonas aeruginosa), and chromium. Lead
and zinc were both dominated by either stormwater or snowmelt runoff, with lower yields of these
heavy metals originating from baseflows.

Warm weather stormwater runoff alone was the most significant contributor to the annual yields
for a number of constituents from the industrial catchment. These constituents included particulate
residue, phosphorus, phosphates, the three bacteria types, copper, lead, and zinc. In the residen-
tial/commercial catchment, only fecal streptococcus bacteria and chromium were contributed by
warm weather stormwater runoff more than by the other three sources of water shown. Either warm
or cold weather baseflows were most responsible for the yields of many constituents from the
industrial catchment. These constituents included runoff volume, phosphorus, total Kjeldahl nitro-
gen, chemical oxygen demand, and chromium. Important constituents that have high yields in the
baseflow from the residential/commercial catchment included total residue, filtrate residue, chlo-
rides, and fecal coliform and P. aeruginosa bacteria. More recently, agricultural pesticides have
been detected in urban rainfall and urban pesticides in agricultural rainfall and have also been
detected in receiving waters.

SUMMARY

This chapter reviewed some of the major receiving water use impairments that have been
associated with urban stormwater discharges. The problems associated with urban stormwater
discharges can be many, but varied, depending on the specific site conditions. It is therefore
important that local objectives and conditions be considered when evaluating local receiving water
problems. There has been a great deal of experience in receiving water assessments over the past
decade, especially focusing on urban nonpoint source problems. The main purpose of this book
is to provide techniques and direction that can be applied to local waters to assess problems based
on actual successful field activities. Of course, monitoring and evaluation techniques are con-
stantly changing and improving, and this book also periodically presents short summaries of
emerging techniques that hold promise, but may require additional development to be easily used
by most people.

Generally, receiving water problems are not readily recognized or understood if one relies on
only a limited set of tools. It is critical that conventional water quality measurements be supple-
mented with habitat evaluations and biological studies, for example. In many cases, receiving water
problems caused by urbanization may be mostly associated with habitat destruction, contaminated
sediment, and inappropriate discharges, all of which would be poorly indicated by relying only on
conventional water quality measurements. In contrast, eliminating water quality measurements from
an assessment and relying only on less expensive indicators, such as the currently popular citizen
monitoring of benthic conditions, is also problematic, especially from a human health perspective.
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A well-balanced assessment approach is therefore needed to understand the local problems of most
concern and is the focus of this book.

This chapter also summarized stormwater characteristics. Runoff from established urban areas
may not be the major source of some of the problem pollutants in urban areas. Obviously, con-
struction site runoff is typically the major source of sediment in many areas, but snowmelt contri-
butions of sediment (and many other constituents) is also very important in northern areas. Dry
weather flows in separate storm drainage systems can be contaminated with inappropriate discharges
from commercial and industrial establishments and sewage. Obviously, these inappropriate dis-
charges need to be identified and corrected.

The rest of this book establishes an approach for investigating receiving water use impairments
and in identifying the likely causes for these problems. When this information is known, it is
possible to begin to develop an effective stormwater management program.
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CHAPTER 3

Stressor Categories and Their Effects
on Humans and Ecosystems

“As for Paris, within the last few years, it has been necessary to move most of the mouths of the
sewers down stream below the last bridge.”

Victor Hugo, 1862
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EFFECTS OF RUNOFF ON RECEIVING WATERS

Many studies have shown the severe detrimental effects of urban and agricultural runoff on
receiving waters. These studies have generally examined receiving water conditions above and
below a city, by comparing two parallel streams, or by comparing to an ecoregion reference.
However, only a few studies have examined direct cause-and-effect relationships of runoff for
receiving water aquatic organisms (Heaney and Huber 1984; Burton and Moore 1999; Werner et
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al. 2000; Vlaming et al. 2000; Bailey et al. 2000; Wenholz and Crunkilton 1995). Chapter 4 presents
several case studies representing the major approaches to assessing receiving water problems, while
this chapter presents a review of the major stressor categories and summarizes their observed effects.

Indicators of Receiving Water Biological Effects and Analysis Methodologies

There are a number of useful, well-proven tools that can detect adverse biological effects in
receiving waters (see also Chapter 6). When these tools are used correctly and combined in the
proper framework, they can be used to identify runoff-related problems. Kuehne (1975) studied
the usefulness of aquatic organisms as indicators of pollution. He found that invertebrate responses
are indicative of pollution for some time after an event, but they may not give an accurate indication
of the nature of the pollutants. In-stream fish studies were not employed as biological indicators
much before 1975, but they are comparable in many ways to invertebrates as quality indicators and
can be more easily identified. However, because of better information pertaining to invertebrates
and due to their limited mobility, certain invertebrate species may be sensitive to minor changes
in water quality. Fish can be highly mobile and cover large sections of a stream, as long as their
passage is not totally blocked by adverse conditions. Fish disease surveys were also used during
the Bellevue, WA, urban runoff studies as an indicator of water quality problems (Scott et al. 1982;
Pitt and Bissonnette 1984). McHardy et al. (1985) examined heavy metal uptake in green algae
(Cladophora glomerata) from urban runoff for use as a biological monitor of specific metals.

It is necessary to use a range of measurement endpoints to characterize ecosystem quality in
systems that receive multiple stressors (Marcy and Gerritsen 1996; Baird and Burton 2001). Dyer
and White (1996) examined the problem of multiple stressors affecting toxicity assessments. They
felt that field surveys can rarely be used to verify simple single parameter laboratory experiments.
They developed a watershed approach integrating numerous databases in conjunction with in situ
biological observations to help examine the effects of many possible causative factors (see also
Chapter 6).

The interactions of stressors such as suspended solids and chemicals can be confounding and
easily overlooked. Ireland et al. (1996) found that exposure to UV radiation (natural sunlight)
increased the toxicity of PAH-contaminated sediments to C. dubia. The toxicity was removed when
the UV wavelengths did not penetrate the water column to the exposed organisms. Toxicity was
also reduced significantly in the presence of UV when the organic fraction of the stormwater was
removed. Photo-induced toxicity occurred frequently during low flow conditions and wet-weather
runoff and was reduced during turbid conditions.

Johnson et al. (1996) and Herricks et al. (1996a,b) describe a structured tier testing protocol to
assess both short-term and long-term wet-weather discharge toxicity that they developed and tested.
The protocol recognizes that the test systems must be appropriate to the time-scale of exposure
during the discharge. Therefore, three time-scale protocols were developed, for intra-event, event,
and long-term exposures. The use of standard whole effluent toxicity (WET) tests were found to
overestimate the potential toxicity of stormwater discharges.

The effects of stormwater on Lincoln Creek, near Milwaukee, W1, were described by Crunkilton
et al. (1996). Lincoln Creek drains a heavily urbanized watershed of 19 mi? that is about 9 miles
long. On-site toxicity testing was conducted with side-stream flow-through aquaria using fathead
minnows, plus in-stream biological assessments, along with water and sediment chemical measure-
ments. In the basic tests, Lincoln Creek water was continuously pumped through the test tanks,
reflecting the natural changes in water quality during both dry and wet-weather conditions. The
continuous flow-through mortality tests indicated no toxicity until after about the 14th day of
exposure, with more than 80% mortality after about 25 days, indicating that short-term toxicity
tests likely underestimate stormwater toxicity. The biological and physical habitat assessments
supported a definitive relationship between degraded stream ecology and urban runoff.



STRESSOR CATEGORIES AND THEIR EFFECTS ON HUMANS AND ECOSYSTEMS 49

Rainbow (1996) presented a detailed overview of heavy metals in aquatic invertebrates. He
concluded that the presence of a metal in an organism cannot tell us directly whether that metal is
poisoning the organism. However, if compared to concentrations in a suite of well-researched
biomonitors, it may be possible to determine if the accumulated concentrations are atypically high,
with a possibility that toxic effects may be present. The user should be cautious, however, when
attempting to relate tissue concentrations to effects or with bioconcentration factors. Many metals
are essential and/or regulated by organisms and their internal concentrations might bear no rela-
tionship to the concentrations in surrounding waters or sediments.

A battery of laboratory and in situ bioassay tests are most useful when determining aquatic
biota problems (Burton and Stemmer 1988; Burton et al. 1996; Chapter 6). The test series may
include microbial activity tests, along with exposures of zooplankton, amphipods, aquatic insects,
bivalves, and fish. Indigenous microbial activity responses correlated well with in situ biological
and chemical profiles. Bascombe et al. (1990) also reported on the use of in situ biological tests,
using an amphipod exposed for 5 to 6 weeks in urban streams, to examine urban runoff receiving
water effects. Ellis et al. (1992) examined bioassay procedures for evaluating urban runoff effects
on receiving water biota. They concluded that an acceptable criteria for protecting receiving water
organisms should not only provide information on concentration and exposure relationships for in
situ bioassays, but also consider body burdens, recovery rates, and sediment-related effects.

During the Coyote Creek, San Jose, CA, receiving water study, 41 stations were studied in both
urban and non-urban perennial flow stretches of the creek. Short- and long-term sampling techniques
were used to evaluate the effects of urban runoff on water quality, sediment properties, fish,
macroinvertebrates, attached algae, and rooted aquatic vegetation (Pitt and Bozeman 1982).

Fish Kills and Advisories

Runoff impacts are sometimes difficult for many people to appreciate in urban and agricultural
areas. Fish kills are the most obvious indication of water quality problems for many people.
However, because receiving water quality is often so poor, the aquatic life in typical urban and
agricultural receiving waters is usually limited in abundance and diversity, and quite resistant to
poor water quality. Sensitive native organisms have typically been displaced, or killed, long ago,
and it usually requires an unusual event to cause a fish fill (Figure 3.1). Ray and White (1979)
stated that one of the complicating factors in determining fish kills related to heavy metals is that
the fish mortality may lag behind the first toxic exposure by several days and is usually detected
many miles downstream from the discharge location. The actual concentrations of the water quality
constituents that may have caused the kill could then be diluted beyond detection limits, making
probable sources of the toxic materials impossible to determine in many cases.

Heaney et al. (1980) reviewed fish kill information reported to government agencies from 1970
to 1979. They found that less than 3% of the reported 10,000 fish kills was identified as having
been caused by urban runoff. This is fewer than 30 fish kills per year nationwide. However, the
cause of most of these 10,000 fish kills could not be identified. It is expected that many of these
fish kills could have been caused by runoff, or a combination of problems that could have been
worsened by runoff. For example, elevated nutrient loading causes eutrophication that may lead to
dissolved oxygen deficits and subsequent fish kills. These events are exacerbated by natural stressors
such as low flow conditions. More recent surveys have found nearly 30% of fish kills is attributable
to runoff (Figure 3.2; EPA 1995).

During the Bellevue, WA, receiving water studies, some fish kills were noted in the unusually
clean urban streams (Pitt and Bissonnette 1984). The fish kills were usually associated with
inappropriate discharges to the storm drainage system (such as cleaning materials and industrial
chemical spills) and not from “typical” urban runoff. However, as noted later, the composition of
the fish in the Bellevue urban stream was quite different, as compared to the control stream (Scott
et al. 1986).
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Figure 3.1 Fish kill in Village Creek, Birmingham, AL, due to Dursban
entering storm drainage during warehouse fire.

Pollution Sources 35 States Reporting Total

Agriculture 139

L
Sewage Treatment Plants _ 86
Industrial Discharges ] 76
Spills ] 69
Runoff (general) [ 36
I

Other Pesticide Applications 28

0 20 40 60 80 100 120 140 160
Number of Fish Kills

Figure 3.2 Sources associated with fish kills. (From U.S. Environmental Protection Agency. National Water
Quality Inventory. 1994 Report to Congress. Office of Water. EPA 841-R-95-005. Washington, D.C.
December 1995.)

Fish kill data have, therefore, not been a good indicator for identifying stressor categories or
types. However, the composition of the fisheries and other aquatic life taxonomic information are
sensitive indicators of receiving water problems in streams.

In addition to fish kills, a significant concern is the increasing number of fish advisories being
issued by states across the nation (Figure 3.3; EPA 1995). The causes of fish contamination and
fish kills vary, but runoff is a primary contributor.

Adverse Aquatic Life Effects Caused by Runoff

Aquatic organisms are sensitive indicators of water quality. There have been many studies that
describe aquatic life impairments that may result from exposure to contaminated runoff and/or
habitat degradation. The following section summarizes some of these studies, which are typical of
urban and agricultural watersheds.

Klein (1979) studied 27 small watersheds having similar characteristics, but having varying
land uses, in the Piedmont region of Maryland. During an initial phase of the study, definite
relationships were found between water quality and land use. Subsequent study phases examined
aquatic life relationships in the watersheds. The principal finding was that stream aquatic life
problems were first identified with watersheds having imperviousness areas comprising at least
12% of the watershed. Severe problems were noted after the imperviousness quantities reached 30%.
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Figure 3.3 U.S. fish consumption advisories. Note: States that perform routine fish tissue analysis (such as
Great Lake States) will detect more cases of fish contamination and issue more advisories than
states with less rigorous fish sampling programs. In many cases, the states with the most fish
advisories support the best monitoring programs for measuring toxic contamination in fish, and
their water quality is no worse than the water quality in other states. (From U.S. Environmental
Protection Agency. National Water Quality Inventory. 1994 Report to Congress. Office of Water.
EPA 841-R-95-005. Washington, D.C. December 1995.)

Receiving water impact studies were also conducted in North Carolina by Lenat et al. (1979),
Lenat and Eagleson (1981), and Lenat et al. (1981). The benthic fauna occurred mainly on rocks.
As sedimentation increased, the amount of exposed rocks decreased, with a decreasing density of
benthic macroinvertebrates. Data from 1978 and 1979 in five cities showed that urban streams were
grossly polluted by a combination of toxicants and sediment. Chemical analyses, without biological
analyses, would have underestimated the severity of the problems because the water column quality
varied rapidly, while the major problems were associated with sediment quality and effects on
macroinvertebrates. Macroinvertebrate diversities were severely reduced in the urban streams,
compared to the control streams. The biotic indices indicated “very poor” conditions for all urban
streams. Occasionally, high populations of pollutant-tolerant organisms were found in the urban
streams, but would abruptly disappear before subsequent sampling efforts. This was probably caused
by intermittent discharges of spills or illegal dumping of toxicants. Although the cities studied were
located in different geographic areas of North Carolina, the results were remarkably uniform.

A major nonpoint runoff receiving water impact research program was conducted in Georgia
(Cook et al. 1983). Several groups of researchers examined streams in major areas of the state.
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Benke et al. (1981) studied 21 stream ecosystems near Atlanta having watersheds of 1 to 3 square
miles each and land uses ranging from 0 to 98% urbanization. They measured stream water quality
but found little relationship between water quality and degree of urbanization. The water quality
parameters also did not identify a major degree of pollution. In contrast, there were major corre-
lations between urbanization and the number of species. They had problems applying diversity
indices to their study because the individual organisms varied greatly in size (biomass). CTA (1983)
also examined receiving water aquatic biota impacts associated with nonpoint sources in Georgia.
They studied habitat composition, water quality, macroinvertebrates, periphyton, fish, and toxicant
concentrations in the water, sediment, and fish. They found that the impacts of land use were the
greatest in the urban basins. Beneficial uses were impaired or denied in all three urban basins
studied. Fish were absent in two of the basins and severely restricted in the third. The native
macroinvertebrates were replaced with pollution-tolerant organisms. The periphyton in the urban
streams were very different from those found in the control streams and were dominated by species
known to create taste and odor problems.

Pratt et al. (1981) used basket artificial substrates to compare benthic population trends along
urban and nonurban areas of the Green River in Massachusetts. The benthic community became
increasingly disrupted as urbanization increased. The problems were not only associated with times
of heavy rain, but seemed to be affected at all times. The stress was greatest during summer low
flow periods and was probably localized near the stream bed. They concluded that the high degree
of correspondence between the known sources of urban runoff and the observed effects on the benthic
community was a forceful argument that urban runoff was the causal agent of the disruption observed.

Cedar swamps in the New Jersey Pine Barrens were studied by Ehrenfeld and Schneider (1983).
They examined 19 swamps subjected to varying amounts of urbanization. Typical plant species
were lost and replaced by weeds and exotic plants in urban runoff-affected swamps. Increased
uptakes of phosphorus and lead in the plants were found. It was concluded that the presence of
stormwater runoff to the cedar swamps caused marked changes in community structure, vegetation
dynamics, and plant tissue element concentrations.

Medeiros and Coler (1982) and Medeiros et al. (1984) used a combination of laboratory and
field studies to investigate the effects of urban runoff on fathead minnows. Hatchability, survival,
and growth were assessed in the laboratory in flow-through and static bioassay tests. Growth was
reduced to one half of the control growth rates at 60% dilutions of urban runoff. The observed
effects were believed to be associated with a combination of toxicants.

The benthos in the upper reaches of Coyote Creek (San Jose, CA) consisted primarily of
amphipods and a diverse assemblage of aquatic insects (Pitt and Bozeman 1982). Together those
groups comprised two thirds of the benthos collected from the non-urban portion of the creek.
Clean water forms were abundant and included amphipods (Hyaella azteca) and various genera of
mayflies, caddisflies, black flies, crane flies, alderflies, and riffle beetles. In contrast, the benthos
of the urban reaches of the creek consisted almost exclusively of pollution-tolerant oligochaete
worms (tubificids). Tubificids accounted for 97% of the benthos collected from the lower portion
of Coyote Creek.

There were significant differences in the numbers and types of benthic organisms found during
the Bellevue Urban Runoff Program (Pederson 1981; Perkins 1982; Richey et al. 1981; Richey
1982; Scott et al. 1982). Mayflies, stoneflies, caddisflies, and beetles were rarely observed in
urbanized Kelsey Creek, but were quite abundant in rural Bear Creek. These organisms are com-
monly regarded as sensitive indicators to environmental degradation. As an example of a degraded
aquatic habitat, a species of clams (Unionidae) was not found in Kelsey Creek, but was found in
Bear Creek. These clams are very sensitive to heavy siltation and unstable sediments. Empty clam
shells, however, were found buried in the Kelsey Creek sediments indicating their previous presence
in the creek and their inability to adjust to the changing conditions. The benthic organism compo-
sition in Kelsey Creek varied radically with time and place, while the organisms were much more
stable in Bear Creek.
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Introduced fishes often cause radical changes in the nature of the fish fauna present in a given
water body. In many cases, they become the dominant fishes because they are able to outcompete
the native fishes for food or space, or they may possess greater tolerance to environmental stress.
In general, introduced species are most abundant in aquatic habitats modified by man, while native
fishes tend to persist mostly in undisturbed areas. Such is apparently the case within Coyote Creek,
San Jose, CA (Pitt and Bozeman 1982).

Samples from the non-urban portion of the study area were dominated by an assemblage of
native fish species such as hitch, three spine stickleback, Sacramento sucker, and prickly sculpin.
Rainbow trout, riffle sculpin, and Sacramento squawfish were captured only in the headwater
reaches and tributary streams of Coyote Creek. Collectively, native species comprised 89% of the
number and 79% of the biomass of the 2379 fishes collected from the upper reaches of the study
area. In contrast, native species accounted for only 7% of the number and 31% of the biomass of
the 2899 fishes collected from the urban reach of the study area.

Hitch was the most numerous native fish species present. Hitch generally exhibit a preference
for quiet water habitat and are characteristic of warm, low elevation lakes, sloughs, sluggish rivers,
and ponds. Mosquitofish dominated the collections from the urbanized section of the creek and
accounted for over two thirds of the total number of fish collected from the area. This fish is
particularly well adapted to withstand extreme environmental conditions, including those imposed
by stagnant waters with low dissolved oxygen concentrations and elevated temperatures. The
second most abundant fish species in the urbanized reach of Coyote Creek, the fathead minnow,
is equally well suited to tolerate extreme environmental conditions. The species can withstand low
dissolved oxygen, high temperature, high organic pollution, and high alkalinity. Often thriving in
unstable environments such as intermittent streams, the fathead minnow can survive in a wide
variety of habitats.

The University of Washington (Pederson 1981; Perkins 1982; Richey et al. 1981; Richey 1982;
Scott et al. 1982) conducted a series of studies to contrast the biological and chemical conditions
in urban Kelsey Creek with rural Bear Creek. The urban creek was significantly degraded when
compared to the rural creek, but still supported a productive but limited and unhealthy salmonid
fishery. Many of the fish in the urban creek, however, had respiratory anomalies. The urban creek
was not grossly polluted, but flooding from urban developments has increased dramatically in recent
years. These increased flows have dramatically changed the urban stream’s channel, by causing
unstable conditions with increased stream bed movement, and by altering the availability of food
for the aquatic organisms. The aquatic organisms are very dependent on the few relatively undis-
turbed reaches. Dissolved oxygen concentrations in the sediments depressed embryo salmon survival
in the urban creek. Various organic and metallic priority pollutants were discharged to the urban
creek, but most of them were apparently carried through the creek system by the high storm flows
to Lake Washington. The urbanized Kelsey Creek also had higher water temperatures (probably due
to reduced shading) than Bear Creek. This probably caused the faster fish growth in Kelsey Creek.

The fish population in Kelsey Creek had adapted to its degrading environment by shifting the
species composition from coho salmon to less sensitive cutthroat trout and by making extensive
use of less-disturbed refuge areas (Figure 4.22). Studies of damaged gills found that up to three
fourths of the fish in Kelsey Creek were affected with respiratory anomalies, while no cutthroat
trout and only two of the coho salmon sampled in Bear Creek had damaged gills. Massive fish
kills in Kelsey Creek and its tributaries were observed on several occasions during the project due
to the dumping of toxic materials down the storm drains.

Urban runoff impact studies were conducted in the Hillsborough River near Tampa Bay, FL,
as part of the NURP program (Mote Marine Laboratory 1984). Plants, animals, sediment, and water
quality were all studied in the field and supplemented by laboratory bioassay tests. Effects of
saltwater intrusion and urban runoff were both measured because of the estuarine environment.
During wet weather, freshwater species were found closer to the bay than during dry weather. In
coastal areas, these additional natural factors make it even more difficult to identify the
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Figure 3.4 |Installation of side-stream fish bioassay Figure 3.5 Lincoln Creek side-stream fish bioassay
test facilities at Lincoln Creek, Milwau- test facilities nearing completion.
kee, WI.

cause-and-effect relationships for aquatic life problems. During another NURP project, Striegl
(1985) found that the effects of accumulated pollutants in Lake Ellyn (Glen Ellyn, IL) inhibited
desirable benthic invertebrates and fish and increased undesirable phytoplankton blooms. LaRoe
(1985) summarized the off-site effects of construction sediment on fish and wildlife. He noted that
physical, chemical, and biological processes all affect receiving water aquatic life.

The number of benthic organism taxa in Shabakunk Creek in Mercer County, NJ, declined from
13 in relatively undeveloped areas to 4 below heavily urbanized areas (Garie and McIntosh 1986,
1990). Periphyton samples were also analyzed for heavy metals, with significantly higher metal
concentrations found below the heavily urbanized area than above.

The Wisconsin Department of Natural Resources, in conjunction with the USGS and the Uni-
versity of Wisconsin, conducted side-stream fish bioassay tests in Lincoln Creek in Milwaukee
(Figures 3.4 and 3.5) (Crunkilton et al. 1996). They identified significant acute toxicity problems
associated with intermediate-term (about 10 to 20 day) exposures to adverse toxicant concentrations
in urban receiving streams, with no indication of toxicity for shorter exposures. These toxicity effects
were substantially (but not completely) reduced through the removal of stormwater particulates
using a typical wet detention pond designed to remove most of the particles larger than 5 um.

Observed Habitat Problems Caused by Runoff

Some of the most serious effects of urban and agricultural runoff are on the aquatic habitat
of the receiving waters. These habitat effects are in addition to the pollutant concentration effects.
The major effects of sediment on the aquatic habitat include silting of spawning and food
production areas and unstable bed conditions (Cordone and Kelley 1961). Other major habitat
destruction problems include rapidly changing flows and the absence of refuge areas to protect
the biota during these flow changes. Removal of riparian vegetation can increase water tempera-
tures and eliminate a major source of debris, which provides important refuge areas. The major
source of these habitat problems is the increased discharge volumes and flow rates associated with
stormwater in developing areas that cause significant enlargements and unstable banks of small
and moderate sized streams (Figures 3.6 and 3.7). Other habitat problems are caused by attempts
to “correct” these problems by construction of lined channels (Figures 3.8 and 3.9) or small drop
structures which hinder migration of aquatic life and create areas for the accumulation of con-
taminated silt (Figure 3.10).
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Figure 3.6 Creek blowout after initial significant
spring rains in newly developed area.
(Courtesy of Wisconsin Department of
Natural Resources.)

Figure 3.8 Lined embankment along Waller Creek,
Austin, TX.

Schueler (1996) stated that channel geometry
stability can be a good indicator of the effective-
ness of stormwater control practices. He also
found that once a watershed area has more than
about 10 to 15% effective impervious cover,
noticeable changes in channel morphology occur,
along with quantifiable impacts on water quality
and biological conditions. Stephenson (1996)
studied changes in streamflow volumes in South
Africa during urbanization. He found increased
stormwater runoff, decreases in the groundwater
table, and dramatically decreased times of con-
centration. The peak flow rates increased by about
twofold, about half caused by increased pavement
(in an area having only about 5% effective imper-
vious cover), with the remainder caused by
decreased times of concentration.

Figure 3.7 Unstable banks and trash along Five-
Mile Creek, Birmingham, AL.

Figure 3.9 Lined channel in Milwaukee, WI.

Figure 3.10 Small drop structure obstruction in Lin-
coln Creek, Milwaukee, WI.
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Brookes (1988) has documented many cases in the United States and Great Britain of stream
morphological changes associated with urbanization. These changes are mostly responsible for habitat
destruction which is usually the most significant detriment to aquatic life. In many cases, water quality
improvement would result in very little aquatic life benefit if the physical habitat is grossly modified.
The most obvious habitat problems are associated with stream “improvement” projects, ranging from
removal of debris, to straightening streams, to channelization projects. Brookes (1988, 1991) presents
a number of ways to minimize habitat problems associated with stream channel projects, including
stream restoration.

Wolman and Schick (1967) observed deposition of channel bars, erosion of channel banks,
obstruction of flows, increased flooding, shifting of channel bottoms, along with concurrent changes
in the aquatic life, in Maryland streams affected by urban construction activities. Robinson (1976)
studied eight streams in watersheds undergoing urbanization and found that the increased magni-
tudes and frequencies of flooding, along with the increased sediment yields, had considerable impact
on stream morphology (and therefore aquatic life habitat).

The aquatic organism differences found during the Bellevue Urban Runoff Program were
probably most associated with the increased peak flows in Kelsey Creek caused by urbanization
and the resultant increase in sediment-carrying capacity and channel instability of the creek (Ped-
erson 1981; Perkins 1982; Richey et al. 1981; Richey 1982; Scott et al. 1982). Developed Kelsey
Creek had much lower flows than rural Bear Creek during periods between storms. About 30%
less water was available in Kelsey Creek during the summers. These low flows may also have
significantly affected the aquatic habitat and the ability of the urban creek to flush toxic spills or
other dry-weather pollutants from the creek system (Ebbert et al. 1983; Prych and Ebbert undated).
Kelsey Creek had extreme hydrologic responses to storm. Flooding substantially increased in Kelsey
Creek during the period of urban development; the peak annual discharges have almost doubled
in the last 30 years, and the flooding frequency has also increased due to urbanization (Ebbert et
al. 1983; Prych and Ebbert undated). These increased flows in urbanized Kelsey Creek resulted in
greatly increased sediment transport and channel instability. The Bellevue studies (summarized by
Pitt and Bissonnette 1984) indicated very significant interrelationships between the physical, bio-
logical, and chemical characteristics of the urbanized Kelsey Creek system. The aquatic life
beneficial uses were found to be impaired, and stormwater conveyance was most likely associated
with increased flows from the impervious areas in the urban area. Changes in the flow characteristics
could radically alter the ability of the stream to carry the polluted sediments into the other receiving
waters. If the stream power (directly related to sediment-carrying capacity) of Kelsey Creek were
reduced, these toxic materials could be expected to be settled into its sediment, with increased
effects on the stream’s aquatic life. Reducing peak flows would also reduce the flushing of smaller
fish and other aquatic organisms from the system.

Many recent studies on urban stream habitats and restoration efforts have been conducted, especially
in the Pacific Northwest. In one example, May et al. (1999) found that maintaining natural land cover
offers the best protection for maintaining stream ecological integrity and that best management practices
have generally been limited in their ability to preserve appropriate conditions for lowland salmon
spawning and rearing streams. They found that Puget Sound watersheds having a 10% impervious cover
(likely resulting in marginal in-stream conditions) maintained at least 50% forested cover.

Groundwater Impacts from Stormwater Infiltration

There have been some nationwide studies that have shown virtually every agricultural and urban
watershed contains elevated levels of nutrients, pesticides, and other organic chemicals in surface
and groundwaters, sediments, and fish tissues (e.g., USGS 1999). Since groundwaters are widely
used as a drinking water and irrigation source and recharge many surface water bodies, the
implications of chemical contamination are quite serious.

Prior to urbanization, groundwater recharge resulted from infiltration of precipitation through
pervious surfaces, including grasslands and woods. This infiltrating water was relatively uncontam-
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Figure 3.11 Groundwater recharge basin in Long Figure 3.12 Karst geology at an Austin, TX, roadcut

Island, NY, using stormwater. (Courtesy showing major channeling opportunities
of New York Department of USGS). for surface water to enter the Edwards
Aquifer.
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Figure 3.13 Public education roadside sign in Austin, Figure 3.14 Paver blocks for on-site infiltration in
TX, warning about sensitive recharge Essen, Germany.
zone.

inated. Urbanization reduced the permeable soil surface area through which recharge by infiltration
could occur. This resulted in much less groundwater recharge and greatly increased surface runoff.
In addition, the waters available for recharge generally carried increased quantities of pollutants.
With urbanization, new sources of groundwater recharge also occurred, including recharge from
domestic septic tanks, percolation basins (Figure 3.11), and industrial waste injection wells, and
from agricultural and residential irrigation. Special groundwater contamination problems may occur
in areas having Karst geology where surface waters can be easily and quickly directed to the
subsurface (Figures 3.12 and 3.13). Of course, there are many less dramatic opportunities for
stormwater to enter the groundwater, including areas of porous paver blocks (Figures 3.14 through
3.16), grass swales (Figures 3.17 and 3.18), infiltration trenches (Figure 3.19), biofiltration areas
(Figure 3.20), and simply from runoff flowing across grass (Figure 3.21). Many of these infiltration
practices are done to reduce surface water impacts associated with stormwater discharges. If the
infiltration is conducted through surface soils (such as for grass swales and grass landscaped areas),
groundwater contamination problems are significantly reduced. However, if subsurface infiltration
is used (especially through the use of injection wells), the risk of groundwater contamination for
many stormwater pollutants substantially increases (Pitt et al. 1994, 1996).
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Figure 3.15 Paver blocks for emergency and utility Figure 3.16 Paver blocks for occasional access
vehicle access, Madison, WI (under con- road, Seattle Science Center, WA.
struction).

Figure 3.17 Grass swale in residential area, Milwau- Figure 3.18 Grass swale in office park area, Milwau-
kee, WI. kee, WI.

The Technical University of Denmark (Mikkelsen et al. 1996a,b) has been involved in a series
of tests to examine the effects of stormwater infiltration on soil and groundwater quality. It found
that heavy metals and PAHs present little groundwater contamination threat if surface infiltration
systems are used. However, it expresses concern about pesticides, which are much more mobile.
Squillace et al. (1996) along with Zogorski et al. (1996) presented information concerning storm-
water and its potential as a source of groundwater MTBE contamination. Mull (1996) stated that
traffic areas are the third most important source of groundwater contamination in Germany (after
abandoned industrial sites and leaky sewers). The most important contaminants are chlorinated
hydrocarbons, sulfate, organic compounds, and nitrates. Heavy metals are generally not an important
groundwater contaminant because of their affinity for soils. Trauth and Xanthopoulus (1996)
examined the long-term trends in groundwater quality at Karlsruhe, Germany. They found that
urban land use is having a long-term influence on the groundwater quality. The concentration of
many pollutants has increased by about 30 to 40% over 20 years. Hiitter and Remmler (1996)
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Figure 3.19 Stormwater infiltration through infiltra- Figure 3.20 Biofiltration in parking area (Photo used
tion trench, office park, Lake Oswego, with permission of Center for Watershed
OR. Protection.)

describe a groundwater monitoring plan, includ-
ing monitoring wells that were established during
the construction of an infiltration trench for storm-
water disposal, in Dortmund, Germany. The worst
problem expected is with zinc if the infiltration
water has a pH value of 4.

The following paragraphs (summarized from
Pitt et al. 1994, 1996) describe the stormwater
pollutants that have the greatest potential of
adversely affecting groundwater quality during
inadvertent or intentional stormwater infiltration,
along with suggestions on how to minimize these
potential problems.

Nutrients

Groundwater contamination with phosphorus
has not been as widespread, or as severe, as with
nitrogen compounds. Nitrates are one of the most
frequently encountered contaminants in groundwater. Whenever nitrogen-containing compounds
come into contact with soil, a potential for nitrate leaching into groundwater exists, especially in
rapid-infiltration wastewater basins, stormwater infiltration devices, and in agricultural areas. Nitrate
has leached from fertilizers and affected groundwaters under various turf grasses in urban areas,
including golf courses, parks, and home lawns. Significant leaching of nitrates occurs during the
cool, wet seasons. Cool temperatures reduce denitrification and ammonia volatilization, and limit
microbial nitrogen immobilization and plant uptake. The use of slow-release fertilizers is recom-
mended in areas having potential groundwater nitrate problems. The slow-release fertilizers include
urea formaldehyde (UF), methylene urea, isobutyldiene diurea (IBDU), and sulfur-coated urea.
Residual nitrate concentrations are highly variable in soil due to soil texture, mineralization, rainfall
and irrigation patterns, organic matter content, crop yield, nitrogen fertilizer/sludge rate, denitrifi-
cation, and soil compaction. Nitrate is highly soluble (>1 kg/L) and will stay in solution in the
percolation water, after leaving the root zone, until it reaches the groundwater.

Figure 3.21 Infiltration through grassed areas.
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Nitrate has a low to moderate groundwater contamination potential for both surface percolation
and subsurface infiltration/injection practices because of its relatively low concentrations found in
most stormwaters. However, if the stormwater nitrate concentration were high, then the groundwater
contamination potential would also likely be high.

Pesticides

Pesticide contamination of groundwater can result from agricultural, municipal, and homeowner
use of pesticides for pest control and their subsequent collection in stormwater runoff. A wide
range of pesticides and their metabolites have been found in watersheds, which include typical
urban pesticides in agricultural areas, and vice versa. This cross-contamination of pesticides into
areas in which they are not being used is attributed to atmospheric transport. Heavy repetitive use
of mobile pesticides on irrigated and sandy soils likely contaminates groundwater. Some insecti-
cides, fungicides, and nematocides must be mobile in order to reach the target pest and, hence,
they generally have the highest contamination potential. Pesticide leaching depends on patterns of
use, soil texture, total organic carbon content of the soil, pesticide persistence, and depth to the
water table.

The greatest pesticide mobility occurs in areas with coarse-grained or sandy soils without a
hardpan layer, having low clay and organic matter content and high permeability. Structural voids,
which are generally found in the surface layer of finer-textured soils rich in clay, can transmit
pesticides rapidly when the voids are filled with water and the adsorbing surfaces of the soil matrix
are bypassed. In general, pesticides with low water solubilities, high octanol-water partitioning
coefficients, and high carbon partitioning coefficients are less mobile. The slower-moving pesticides
have been recommended in areas of groundwater contamination concern. These include the fungi-
cides iprodione and triadimefon, the insecticides isofenphos and chlorpyrifos, and the herbicide
glyphosate. The most mobile pesticides include 2,4-D, acenaphthylene, alachlor, atrazine, cyana-
zine, dacthal, diazinon, dicamba, malathion, and metolachlor.

Pesticides decompose in soil and water, but the total decomposition time can range from days
to years. Literature half-lives for pesticides generally apply to surface soils and do not account for
the reduced microbial activity found deep in the vadose zone. Pesticides with a 30-day half-life
can show considerable leaching. An order-of-magnitude difference in half-life results in a five- to
tenfold difference in percolation loss. Organophosphate pesticides are less persistent than orga-
nochlorine pesticides, but they also are not strongly adsorbed by the sediment and are likely to
leach into the vadose zone and the groundwater. Perhaps a greater concern that has recently emerged
is the widespread prevalence of toxic pesticide metabolites (breakdown products) that are not
routinely analyzed. The ecological and human health significance of this is not known at present,
but will be a future topic of investigation.

Lindane and chlordane have moderate groundwater contamination potentials for surface per-
colation practices (with no pretreatment) and for subsurface injection (with minimal pretreatment).
The groundwater contamination potentials for both of these compounds would likely be substan-
tially reduced with adequate sedimentation pretreatment. Pesticides have mostly been found in
urban runoff from residential areas, especially in dry-weather flows associated with landscaping
irrigation runoff.

Other Organics

The most commonly occurring organic compounds that have been found in urban groundwaters
include phthalate esters (especially bis(2-ethylhexyl)phthalate) and phenolic compounds. Other
organics more rarely found, possibly due to losses during sample collection, have included the
volatiles: benzene, chloroform, methylene chloride, trichloroethylene, tetrachloroethylene, toluene,
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and xylene. PAHs (especially benzo(a)anthracene, chrysene, anthracene, and benzo(b)fluoroan-
thenene) have also been found in groundwaters near industrial sites.

Groundwater contamination from organics, as from other pollutants, occurs more readily in
areas with sandy soils and where the water table is near the land surface. Removal of organics
from the soil and recharge water can occur by one of three methods: volatilization, sorption, and
degradation. Volatilization can significantly reduce the concentrations of the most volatile com-
pounds in groundwater, but the rate of gas transfer from the soil to the air is usually limited by the
presence of soil water. Hydrophobic sorption onto soil organic matter limits the mobility of less
soluble base/neutral and acid extractable compounds through organic soils and the vadose zone.
Sorption is not always a permanent removal mechanism, however. Organic resolubilization can
occur during wet periods following dry periods. Many organics can be at least partially degraded
by microorganisms, but others cannot. Temperature, pH, moisture content, ion-exchange capacity
of soil, and air availability may limit the microbial degradation potential for even the most degrad-
able organic.

1,3-Dichlorobenzene may have a high groundwater contamination potential for subsurface
infiltration/injection (with minimal pretreatment). However, it would likely have a lower ground-
water contamination potential for most surface percolation practices because of its relatively strong
sorption to vadose zone soils. Both pyrene and fluoranthene would also likely have high ground-
water contamination potentials for subsurface infiltration/injection practices, but lower contami-
nation potentials for surface percolation practices because of their more limited mobility through
the unsaturated zone (vadose zone). Others (including benzo(a)anthracene, bis(2-ethylhexyl) phtha-
late, pentachlorophenol, and phenanthrene) may also have moderate groundwater contamination
potentials if surface percolation with no pretreatment or subsurface injection/infiltration is used.
These compounds would have low groundwater contamination potentials if surface infiltration was
used with sedimentation pretreatment. Volatile organic compounds (VOCs) may also have high
groundwater contamination potentials if present in the stormwater (likely for some industrial and
commercial facilities and vehicle service establishments). The other organics, especially the vol-
atiles, are mostly found in industrial areas. The phthalates are found in all areas. The PAHs are
also found in runoff from all areas, but they are in higher concentrations and occur more frequently
in industrial areas.

Pathogenic Microorganisms

Viruses have been detected in groundwater where stormwater recharge basins are located short
distances above the aquifer. Enteric viruses are more resistant to environmental factors than enteric
bacteria and they exhibit longer survival times in natural waters. They can occur in potable and
marine waters in the absence of fecal coliforms. Enteroviruses are also more resistant to commonly
used disinfectants than are indicator bacteria, and can occur in groundwater in the absence of
indicator bacteria.

The factors that affect the survival of enteric bacteria and viruses in the soil include pH,
antagonism from soil microflora, moisture content, temperature, sunlight, and organic matter. The
two most important attributes of viruses that permit their long-term survival in the environment are
their structure and very small size. These characteristics permit virus occlusion and protection
within colloid-size particles. Viral adsorption is promoted by increasing cation concentration,
decreasing pH, and decreasing soluble organics. Since the movement of viruses through s